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ABSTRACT
With the goal of reduced weight, free-size finite element based optimization with
constraints on stresses and displacements of a commercially available automotive seat backrest
frame manufactured from several stamped and welded low carbon ductile steel sheets is
performed using OptiStruct linear optimization package from Altair under the loading
requirements of mandatory ECE R-17 backrest-moment test and headrest test for vehicles sold in
Europe. In the free-size optimization, sheet metal thickness in a finite element shell model of the
backrest frame are design variables with stress and displacement limits as the constraints, with an
objective to minimize mass. Using the results from the free-size optimization and also by
conforming to a minimum draw-able sheet metal thickness, a final design is derived which
obtains a total mass reduction of 15.2%. To verify the functional performance of the final design,
a non-linear finite element analysis including an elastic-plastic material model and geometric
nonlinearity (large displacements) of the reference seat and the final optimized seat backrest
frame is performed using the ABAQUS/Standard finite-element package. Results from the
nonlinear analysis provide an accurate prediction of the material yielding and load path
distribution on the backrest frame components during the ECE R-17 test loads for the backrest
and headrest test and provide factor of safety estimates on yield and ultimate strength.
Conservative load cases replicating the ECE R-17 backrest moment test and headrest test are
applied as pressure loads on the upper support member of the backrest frame. The headrest load is
applied as an equivalent force-couple on the supporting holes of the backrest frame. The ECE
R17 loading for the headrest test is applied in two steps, first a moment is developed from the
pressure load on the upper frame; in the second step, the force-couple is applied at the holes
supporting the headrest. In an initial study, restraints at the bottom of the frame are applied at the
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connecting sleeve to the base-frame connector. In a second study, the connector part is included
and tied to the frame model at the bearing interfaces and bolt connections.
Further investigation of the load path and application of forces for the ECE R17 load
requirements is performed.

In this analysis, ABAQUS/Explicit is used in a quasi-static

simulation of the ECE R17 headrest test with the nonlinear finite model of the final optimized
backrest frame, this time covered with a three-dimension solid PU foam material modeled with
Hyperfoam properties in ABAQUS. The backrest moment load is applied in a more realistic load
path by modeling a rigid body form making contact with the backrest in the upper region of the
backrest foam draped across the frame whereas the headrest moment load is applied
conservatively. The result of this simulation shows the acceptable performance of the final
optimized seat under increased non-linearity in terms of contact and modeling of the foam
material in the seat.
The significantly increased modeling and computer time required in simulations and
analysis using solid finite elements with Hyperfoam material for the accurate modeling of PU
foam geometry lead to the question as to whether simplified shell foam models could be used
with decreased computational time and cost, which approximates the behavior of the full threedimensional, nonlinear crushing and expansion behavior of the seat back foam during the
backrest loading with the body form. To answer this question, a study is performed to determine a
suitable 3D shell surface replacement for the solid foam model. A series of non-linear quasi-static
simulations are performed by varying the thickness of an equivalent shell surface, comparing both
the PU foam material and an elastic material replacement, and also by varying the position of
placement of the body form in front of the 3D shell surface representing the contact surface of the
backrest foam. Backrest moment about the H-point and the deflection of the top-most point on the
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backrest frame is considered as an agreement criterion and a suitable replacement for the 3D solid
foam model is suggested.
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CHAPTER ONE
INTRODUCTION
Automotive seats are generally constructed from metallic frames covered by foam.
Cushions, backrests, headrests, armrests, and other foam parts that make up a vehicle seat are
designed according to four principal criteria: integration within the vehicle, safety, aesthetics, and
comfort. The design of seat backrest frame, however, is primarily based on safety requirements
which dictate structural strength and stiffness targets. Optimization is an important and necessary
design tool that generally is used as an integral part in design of component in the conceptual
design stage. The importance of optimization in the automotive industry, under various
categories, is gaining importance, much with the goals of mass reduction and the resulting fuel
efficiency. As light weight engineering and optimization are important tools used in mass
reduction of automotive components, in the present work, optimization is used to demonstrate the
potential mass reduction in a commercially available stamped steel sheet metal reference
automotive seat backrest frame.
As part of this thesis work, a reference seat backrest frame is considered for optimization
under the load requirements of ECE R-17 backrest moment and headrest test. Conforming to
ECE requirements is mandatory for vehicles manufactured in Europe. The feasibility of the
optimization and the subsequent weight reduction can be attributed to the large safety margin,
obtained from the results of linear and non-linear finite element analysis, of the reference seat
backrest frame.
Finite element analysis is accepted across a wide range of industries as a crucial tool for
product design and optimization. When designing car seats, most of the variables to be considered
relate to either geometry or materials. A valuable tool for facilitating and shortening this complex
design process is numerical simulation using finite element analysis (FEA). Modeling the seats in
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a virtual environment integrates CAD with material databases and allows the input and evaluation
of a variety of loads and stresses without the time constraints of reality testing. FEA can predict
the response of a particular design under specific circumstances and supply data that can be used
to optimize geometry and materials.

1.1 Literature Review
A study on the functional performance of a die cast automotive seat backrest frame is
conducted by Hodges and Grujicic in [12]. In their study, linear finite element analysis on the
backrest frame is performed by incorporating the test requirements of ECE R-17 backrest
moment and the headrest test using FEMLAB, a commercial multi-physics finite element
package. A study on the factor of safety has provided a scope for potential weight reduction.
From their study, it is been found that the design of automotive seats, like any other load bearing
automotive component, depends on safety of the passenger. Static linear finite element analysis is
performed by using a 3D surface model of the reference seat backrest frame with shell elements
under the loading conditions of the backrest moment strength test and the headrest performance
test; the results are used to determine the strength and deflection of the backrest components.
Backrest moment is applied in terms of pressure distributed uniformly over the contact surface
whereas the headrest moment is applied as computed reaction couple over the edges of the
mounting holes in the backrest. The backrest frame is constrained on the region where it mounts
to the reclining mechanism, which is assumed to be rigid and of sufficient strength. The reference
backrest frame passed the tests with a large factor of safety. This outcome motivated a linear
topology optimization of the frame by choosing design parameters such as shell thickness and the
number of ribs. Optimization is performed using a user defined optimization algorithm in
MATLAB. Shell thickness was varied throughout the backrest frame to optimize the material
distribution. The number of ribs was varied to determine the optimal configuration. Stress
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constraints were provided with a goal of minimizing its mass and eventually the results generated
a new range of thicknesses and a fewer number of ribs, for the backrest frame, which in addition
to passing the test requirements provided a potential mass reduction in the backrest frame. The
ribs were found to be insignificant in the performance under the prescribed test; however, they
may help prevent buckling under rear and side impacts.
A similar linear finite element analysis of a stamped steel sheet metal reference
automotive seat backrest frame is performed by Thompson and Hesser in [8]. They have
considered ECE R-14 seat-belt anchorage test in addition to the ECE R-17 backrest moment and
the headrest test. The three static tests were used to determine the safety margin for failure, the
maximum deflection and the load paths for the reference seat backrest frame representing a
physical seat made from stamped low strength steel. A 3D surface model of the reference seat
consisting of thin shell elements were used for the analysis. Like the previously presented study,
they have also considered a conservative approach on the application of the required loads;
backrest moment is applied in terms of pressure distributed uniformly over the contact surface
whereas the headrest moment is applied as computed force-couple over the edges of the mounting
holes in the backrest. In addition, the backrest moment was applied over the top and side contact
surfaces. The method to determine the reaction forces at the headrest mounting points are
discussed in detail including free-body diagrams. The backrest frame is constrained on two
regions; at the bolt locations that secures the vertical members to the connector arms and the
region of bearing contact between the connector arms and the connector pocket on the vertical
member, which further on connects to the reclining mechanism. Regions of high stresses are
observed to be in the vertical members, at the necking region in backrest moment test and at the
region of contact with top cross member in headrest test. Large values of safety margin without
yielding are obtained from the FE analysis of the reference seat backrest frame, both under the
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backrest moment and the headrest test. The observed strength and deflection characteristics
indicate the potential for design modifications that can yield significant weight reduction of the
backrest frame under the backrest moment and the headrest test.
Chelikani [2] has conducted an extensive study to simulate the ECE R-17 quasi-static
backrest moment test on a reference seat using contact and material non-linearity. Finite element
simulation is used to evaluate the strength and deflection characteristics of the reference
automotive front seat in an event of vehicle rear impact. Elastic-plastic material model is used to
define the load bearing seat components. A body form and a frontal membrane are used to
provide a realistic simulation of the backrest moment, in terms of two complimentary loading
cases; horizontal force and constant angular velocity. The simulation was done beyond the
component level by integrating the major structural components; a 3D surface model of the entire
seat assembly was used and was represented in finite element using shell elements. Contact
modeling within the different seat components and the contact of the seat membrane with the
body form has been provided. Also, the seat adjusting mechanisms are replicated by using
necessary constraints and interactions. The body form pivot mechanism, that helps the body form
to settle on the contoured seat membrane once the horizontal force is applied, has been described
in detail and a study on the effect of the distance between point of application of the force and the
H-point is presented. Also, simulations are carried out using only the seat backrest frame by
constraining them as described in the previous study, the results of which shows an acceptable
agreement in stress contours when compared to the whole seat model. Strength and deflection
characteristics are obtained by the quasi-static simulation of the backrest moment test; the safety
function is measured based on a moment test in accordance with government (ECE R17)
regulations.
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Previous works regarding Polyurethane (PU) foam properties and use of foam on
automotive seats are discussed in Chapter 3.

1.2 Thesis Objective and Outline
The objective of the thesis work is to optimize a commercially available automotive seat
backrest frame manufactured from several stamped and welded low carbon ductile steel sheets for
light weight design, while conforming to the load and strength requirements of ECE R-17
backrest moment and headrest test and under specified constraints on stresses and displacements.
A new range of sheet metal thickness is obtained from the results of free-size optimization using
OptiStruct from Altair. To verify the functional performance of the final design and to determine
Factor of Safety for strength, a non-linear finite element analysis including an elastic-plastic
material model and geometric nonlinearity (large displacements) of the reference seat and the
final optimized seat backrest frame is performed using the ABAQUS/Standard finite-element
package. Two different finite element models of the backrest frame are studied, where, as an
initial study, restraints at the bottom of the frame are applied at the connecting sleeve to the baseframe connector. In a second study, the connector part is included and tied to the frame model at
the bearing interfaces and bolt connections. This study is performed in order to determine if the
stiffness behavior of the connector changes the results obtained by assuming a simpler rigid
connection.
Further investigation of the load path and application of forces for the ECE R17 load
requirements is performed using a quasi-static simulation of the ECE R17 backrest test with the
non-linear finite model of the final optimized backrest frame, this time covered with a threedimension solid PU foam material modeled with Hyperfoam properties in ABAQUS. The
backrest moment load is applied in a more realistic load path by modeling a rigid body form
making contact with the backrest in the upper region of the backrest foam draped across the
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frame. Also, in order to prove that simplified shell foam models could be used with decreased
computational time and cost, which approximates the behavior of the full three-dimensional,
nonlinear crushing and expansion behavior of the seat back foam during the backrest loading with
the body form, a study is performed to determine a suitable 3D shell surface replacement for the
foam. A series of non-linear quasi-static simulations are performed by varying the thickness of an
equivalent shell surface, comparing both the PU foam material and an elastic material
replacement, and also by varying the position of placement of the body form in front of the 3D
shell surface representing the backrest foam. Backrest moment about the H-point and the
deflection of the top-most point on the backrest frame is considered as an agreement criterion and
a suitable replacement for the 3D solid foam model is suggested.
An outline of the present work is as follows:
Chapter 2 explains the components of the reference seat backrest frame and certain
important features that are obtained by reverse engineering the physical seat.
Chapter 3 describes the test requirements prescribed by ECE R-17 in an event of vehicle
rear impact. The procedure to locate the H (or R) -point of the automotive seat and the test
requirements of the backrest moment and headrest test are presented.
Chapter 4 describes the non-linear material models for the load carrying structural
components and the strain absorbing foam components of the seat. A brief discussion on the
grades of steel used and the input requirements of the ABAQUS/Standard are presented. A
detailed discussion on the different grades of the foam materials considered, the basic foam
behavior, the choice of the foam and the input requirements of the ABAQUS/Explicit are
provided.
Chapter 5 describes the geometrical CAD model and associated finite element model for
the seat. The mesh features, load and boundary conditions, and single-point and multi-point
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constraints for modeling the bolted joints and weld regions are explained. Next, optimization
criterions and the linear and non-linear finite element analysis features are discussed. Further,
contact modeling using the foam and body form and its load and boundary conditions are
described.
Chapter 6 describes the results of the linear and non-linear finite element analysis of the
reference and optimized seat backrest frame and the results of free-size optimization of the
reference seat backrest frame. Also, the results of the quasi-static simulation the backrest test and
the study on foam replacement is explained.
Chapter 7 provides the conclusions and suggestions for future work.
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CHAPTER TWO
DESCRIPTION OF THE REFERENCE SEAT BACKREST FRAME
A typical automotive seat is comprised of a backrest frame, a base frame, connector
components connecting the two, headrests, armrests and foam components like cushion and seat
back. The frame forms the skeleton of the seat which is completely wrapped by the foam and
thereafter, fabric or leather materials. The frame provides shape, strength, and rigidity to the seat
under varied loading conditions. The frame and foam also hold certain control components of seat
adjustments and comfort components within them. Seat adjustments are part of the skeletal frame
with controls conveniently placed for easy passenger access. Body contact is provided by
Polyurethane (PU) foam which provides comfort to the occupants whereas the fabric material
adds to wear resistance and the overall interior aesthetics. Headrest supports connects separately
through holes in the top cross member of the backrest frame and is wrapped with foam and fabric
as well. The design of an automotive seat is carried out according to four important criteria:
passenger safety, comfort, integration within the vehicle and aesthetics. As discussed earlier,
every feature in the seat design is directed toward the achievement of the above said criterions in
addition to compliance with manufacturability.
The present work is concentrated toward the optimization and analysis of the backrest
frame along with the connectors. Functional performance of the base frame and seat adjustment
mechanisms are not considered in the present work. In [2], it is shown that similar overall
deflection, stress levels and distribution are obtained in the backrest frame when the connector is
included in the model and restrained at the connection to the backrest adjustment locking gear,
compared to a complete seat assembly under the required ECE R17 loading scenarios.

8

2.1 Nomenclature of the Reference Seat Backrest Frame
Slots Connects to
Headrest Support

Vertical
Members

Top Cross
Member

Bottom
Cross
Member

Backrest and
Base frame
Connectors

Slots connects
connector to
vertical members
Slots Connects to
Base frame

Figure 2-1: Nomenclature of the Reference Seat Backrest Frame

Nomenclature of the reference seat backrest frame with components of the skeletal
backrest frame and connectors are shown in Figure 2-1. The backrest frame is constructed from
stamped low-carbon steel sheets and consists of two vertical members and two horizontal cross
members welded to the top and bottom of the vertical members. Headrest support posts are
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attached to backrest frame through the bolt holes through the cross member. The components of
the backrest frame are seam welded at selected short regions of connection. Seam weld provides a
distributed connection along the line of contact of the components and ensures a linear load path
among them. The seam welds are short and do not always span the entire length of connection
between sheet metal parts, thus leaving gaps and free surfaces. The two base frame connectors
are mounted on their respective sleeves (or slots) near the lower half of the vertical members as
shown in Figure 2-2, which are connected to the vertical members by a pin joint. The bolt slots
near the lower end of the connectors connects it to the cross tubes of the base frame (not
modeled). The connectors have teeth at their bottom edge which are meshed with the backrest
adjustment gear on the sides of the base frame. This gear is locked when not released for
adjustment.

Figure 2-2: Close-Up of Sleeve (left) and Connector Mounted in the Sleeve (right)

Figure 2-3 gives a close up image of the top cross member showing a flat piece of sheet
metal welded to the rear side of the U-shaped bend. This piece acts as an additional bolster
support reducing the deflection of the top cross member under the headrest test loads.
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Welded Support
Plate

Figure 2-3: Close-Up of the Top Cross Member Showing the Back Plate

There a number of stamping and stress relief features throughout the sheet metal frame.
These fillets and other features help distribute and lower the regions of stress singularities and
helps avoid local stress accumulation. These features will be described in more detail in later
chapters. Assumptions on geometric CAD are presented in Chapter 5.

Figure 2-4: Comparison of the Physical Reference Seat and the Geometric CAD Model
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CHAPTER THREE
TEST REQUIREMENTS OF UNECE REGULATION NO.17
A durable automotive seat for commercial usage must conform to a series of strength,
deflection and energy test requirements. These tests are carried out physically for vehicle front
end, rear end and side impact loads. Two of the important test requirements are prescribed by the
United Nations Economic Commission for Europe, Vehicle Regulations No. 17 or UNECE R-17.
The regulations require the prevention of injury and death due to structural and functional defects
of the vehicle seat [22]. There are three tests under this regulation and they are the backrest
moment test, seat anchorage test and the headrest test. Backrest moment test is a test of strength
for the seat backrest frame and its adjustments, Seat anchorage test is a test of strength for the seat
anchorage and the adjustments, locking and displacement mechanisms whereas the headrest test
is a performance test for the backrest and head restraints. These tests are carried out as quasistatic tests in experimental conditions as these are not crash tests but tests of strength and
deflection of the structural members of the seat assembly. In the event of a crash, the structural
members of the seat have to withstand the load due to weight of the person and any static and
dynamic loads generated as a result of the crash [12]. A quasi-static implementation of the tests
neglects the mass inertial loads. The strength and deflection requirement plays an important role
in designing the structural members of the seat assembly [2].

3.1 Determination of the R (or H)-Point
A SAE J826 Three-Dimensional H-Point Machine is used to determine the position of Hpoint in the physical automotive seats [1], as shown in Figure 3-1. Currently, seat design process
is largely based on prototype testing, which makes this process time consuming and expensive
[13]. Hence, with the determination of the H-point and back angle from the three-dimensional Hpoint Machine either numerically or physically, CAE tools can be employed in the computational
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simulation of the prescribed tests. H-point represents the occupant hip area and the back angle
represents the initial torso angle.

Figure 3-1: Manikin used for the determination of H/R point illustrated in ECE R-17

The manikin consists of a back pan and a seat pan. The torso weight, the thigh weight,
buttock weight and leg weights are replicated by the presence of physical weights placed on the
weight hangers at the respective locations. These weights add up to represent the weight of a
person sitting on the seat. A T-joint connects the buttock area to the knee area and there are back
angle quadrant, hip angle quadrant, knee angle quadrant and foot angle quadrant replicating the
flexibility and mobility of the respective areas of an human body. An H-point pivot passes
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through the back angle quadrant and hip angle quadrant, which will be used to measure the
position on the H-point. A head probe is provided, which helps in determining the back angle of
the manikin during the initial position [24].

Figure 3-2: Manikin weights and dimensions of the specific regions

The manikin assembly is placed on the seat in the exact driving position. The manikin is
placed in such a way that the center plane of the manikin, the seat pan and the back pan are
exactly in line with the center plane of the seat. The legs are positioned as per the exact driving
position of the occupant or any front seat passenger. The weights are placed on its hangers and
the entire assembly is rigidly restrained with the seat. Once the system is completely set, a load of
100 N is applied to the back and pan assembly of the 3-D H-point machine at the intersection of
the hip angle quadrant and the T-bar housing. The direction of the application of the load is
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shown in Figure 3-2. The test is repeated after rearranging the entire manikin assembly to its
initial position. H-point is measured along the H-point pivot with respect to the prescribed vehicle
reference system. Once the co-ordinates of the H-point is determined, the initial torso (or back)
angle is measured, using the head probe, with respect to the vertical plane along the back angle
quadrant. The determined H-point and the back angle are used in the static linear, static nonlinear and the quasi-static analysis performed on the reference seat backrest frame [24].

3.2 Backrest Moment Test for Rear Impact
The backrest moment strength test prescribed in section 6.2.1 of UNECE R-17 states that
a force producing a moment of 530 N-m in relation to the R (or H) point shall be applied
longitudinally and rearwards to the upper part of the seatback frame through a contact plate
replicating the back of the manikin. Figure 3-3 illustrates the test procedure for the backrest
moment test.

Figure 3-3: Backrest Moment of 530 N-m is applied rearwards about the H-point
The main requirement of the static backrest moment test is that the backrest and its
components, in particular, the reclining mechanisms set in their locked positions, must not fail
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when subjected to a moment of 530 N-m about the H-point. This is purely a strength test for the
structural members of the automotive seat backrest and locking mechanism. Only the backrest
frame is considered in this analysis, the base frame and the reclining mechanisms are not
considered [24].

3.3 Headrest Test for Rear Impact
The headrest test prescribed in section 6.4.1 of UNECE R-17 describes the strength and
stiffness requirements of the headrest and backrest. For carrying out this test, the headrest must be
placed in the most unfavorable position allowed by its adjustment system (generally it is the
topmost position). This test is performed in two steps. In the first step, a load equivalent to a
moment of 373 N-m about the R (or H) point is applied rearwards on the back frame of the seat
through a component replicating the back plate of a manikin. The first step displaces the seat to a
new reference line r1. Figure 3-4 shows the displaced position of the seat backrest at the end of
the first step. In the second step a load equivalent to a moment of 373 N-m about the R (or H)
point is applied on the headrest. This force is applied through a spherical ball of 165 mm in
diameter, at a distance of 65 mm below the top of the head rest and at right angles to the
displaced reference line r1. Under the combined moments of backrest and the headrest loads, the
deflection of the headrest must be less than 102 mm from the displaced reference line r1. In
addition to the previously applied loads, the load on the headrest block is increased to 890 N as an
extension of the second loading step. This increment is a part of the strength requirement and the
headrest must not collapse or fail under this increased load [7, 24].
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Figure 3-4: Illustration of the two steps Headrest Strength and Deflection test

Step 1: Backrest moment of 373 N-m is applied rearwards about H-point
Step 2: A force equivalent to a moment of 373 N-m is applied on the headrest about H-point. The
force on the headrest is increased to a magnitude of 890 N.
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CHAPTER FOUR
NON-LINEAR MATERIAL MODELS
A non-linear material exhibits a non-linear stress-strain relationship under the influence
of loads. Non-linearity can either be plastic or hyperelastic. These are the two material models
that are widely used to describe the material behavior of large number of structural components
under the influence of loads. Elastic behavior of the materials occurs under the influence of small
strains. Whenever the strain builds up in a component due to increased load, the material deviates
from Hooke‟s law, which defines the linear stress-strain behavior until the proportional limit is
reached. Once strains are produced with stresses beyond the proportional (yield) point, when
unloaded, plastic or permanent deformation remains. The beginning of the plastic region is
determined by the yield stress of the material. For loads producing plastic strains, in ductile
materials such as low-carbon steels the material work hardens until stress reaching an Ultimate
Failure stress. Once enough material in a region has reached its ultimate stress value or
corresponding maximum plastic strain, failure and collapse of the structure is imminent.
Organic materials and elastomeric materials exhibit hyperelasticity. Hyperelastic
materials remain elastic in the sense that when unloading, the strains return to a stress-free state;
however, they do not obey a linear stress-strain relationship. Instead their stress-strain curve can
be highly nonlinear and is often much different in compression compared to tension. Hyperelastic
materials can also be either compressible or incompressible. Incompressibility is an
approximation for lack of change in volume of the material under hydrostatic pressure and is
defined by a constant Poisson‟s ratio of 0.5. Numerically it is difficult to impose this limit and
the approximate value  =0.475 is used [3]. Whenever an extremely elastic material permits very
large volumetric changes, they are considered as highly compressible hyperelastic material.
Porous cellular solids fall under this category. Open-cell polyurethane (PU) foams are one such
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highly compressible material that are widely used in automotive seat back and cushion [20]. The
density of the foam material determines the hardness of the seat and it varies among different
automotive seat manufacturers [19]. Strength and energy dissipation are the two important
deciding factors for the choice of an automotive seat foam material. Foam design and capability
plays an important role in passenger comfort and safety. More discussion on choice of the foam
material and its material model are provided in the subsequent sections of this chapter.

4.1 Elastic-Plastic Material Model
For the nonlinear analysis in ABAQUS an elastic-plastic material model with work
hardening is used for the components of the seat backrest frame. Low strength steel is used for the
vertical members and horizontal cross members of the backrest frame. High strength steel is used
for the connector component that connects the backrest frame with the base frame of the
automotive seat. Since the connectors must withstand large bending moments and bearing contact
at its surfaces, high strength steel with its extended plastic region and increased yield and ultimate
stress limits, provides the necessary strength for this critical component.
Ductile materials like steel have the ability to withstand loads causing large strains
without failure in the material [2]. This capability to exhibit large deformations prior to failure
makes them an attractive material for automotive components. The ductility of the material is
measured by the percentage of elongation of the specimen before failure. The percentage of
elongation at failure also gives the maximum possible strain attained in the material, from which
subtracting the strain under elastic region provides us the measurement of plasticity or plastic
strain [11]. The total strain is defined as the sum of recoverable elastic strain and permanent
plastic strain,

   el   pl
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(1)

where,  is the total true strain,  el is the elastic strain and  pl is the plastic strain in the
material [11]. The total strain as a component of the elastic and plastic strain is shown in Figure
4-1, along with the linear elastic unloading line and corresponding total strain.

Figure 4-1: Total Strain as a component of Elastic Strain and Plastic Strain [2]

Test specimen data generally provides the nominal stress and nominal strain of a material
as original cross sectional area and length are considered to calculate the stress and strain instead
of using the actual cross-sectional area and length at the point of measuring load. As for ductile
materials, necking occurs after the material yields considerably and so the original length and
cross-sectional area changes considerably during loading [2, 11]. Plasticity material model in
ABAQUS require true stress and strain values as inputs [3]. The relation between the true stress
and nominal stress is given by,

   nom (1   nom )

(2)

where,  is the true stress,  nom is the nominal stress, and  nom is the nominal strain [2].
The relation between true strain  , and nominal strain is given by,

  ln 1   nom 
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(3)

As the true strain of a material obtained from test data is a sum of plastic and elastic
strain, the component of plastic strain is calculated by subtracting the component of elastic strain
as shown below,

 pl     el

(4)

The ABAQUS input values of yield strength and ultimate strength are the values of true
stress calculated using Eqn. (2). Corresponding plastic strains are specified using Eqn. (4). The
basic differences among the two grades of steel considered are the yield stress, ultimate tensile
stress and percentage elongation at failure. The properties of the elastic-plastic materials are
shown in the Table 4-1.
Material

Density
ρ (g/cc)

Young‟s
Modulus
E (GPa)

Poisson‟s
Ratio
υ

Yield
Strength
(MPa)

Ultimate
Strength
(MPa)

Plastic
Strain at
failure

Low-Strength
Steel
High-Strength
Steel

7.85

210

0.29

305

438

0.182

7.85

210

0.29

365

787.4

0.212

Table 4-1: Material Property Chart for the Elastic-Plastic Materials (Ultimate Strength
given in terms of true stress) [2]

4.2 Hyperfoam Material Model
There are two main types of foam material model, non-linear elastic and elastic-plastic.
The stress-strain response of a non-linear elastic material is calculated from a strain energy
function. Such material models are called hyperelastic [18] in contrast with linear-elastic models.
When compressive yielding causes permanent foam densification (or crushing), plasticity models
are incorporated. The material properties of hyperelastic materials are described by a material
constitutive law, as an elastic potential function exists in them, the parameters of which have to
be identified from material test data. Ogden strain energy function is usually adapted for highly
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compressible low-density foam. These models are for isotropic materials as many types of foam
are only slightly anisotropic due to foam rise during production [17]. As FEA models for
anisotropic foams do not exist, the modeling of such foams is approximate. Foams have complex
microstructures on micro scale whereas a homogenous structure on a larger scale. FEA treats the
material as a continuum and the calculations between elements are made at mesh points, the size
of mesh is usually larger than the cell size. Mesh size is generally a tradeoff between accuracy,
requiring a fine mesh and solution speed, requiring a coarse mesh [17].

4.2.1 Mechanical Behavior of Elastomeric Foams
Polyurethane (PU) foam material shows non-linear, hyperelastic behavior and is
extremely compressible [23]. The porosity permits very large volumetric changes. Open-cell
polyurethane foams under large strains are modeled as compressible hyperlelastic solids, if their
time dependent mechanical properties and hysteresis are ignored [17]. These materials can
deform elastically to large strains, up to 90% strain in compression and are intended for finite
strain applications [3].
Foams are commonly loaded in compression. Figure 4-2 shows a typical compressive
stress-strain curve.

Figure 4-2: Typical compressive stress-strain curve of a foam material [3]
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Three stages that can be distinguished during compression are; at small strains the foam
deforms in a linear elastic manner due to cell wall bending, the next stage is a plateau of
deformation at almost constant stress, caused by the elastic buckling of the columns or plates that
make up the cell edges or walls. In closed cells the enclosed gas pressure and membrane
stretching increase the level and slope of the plateau and finally, a region of densification occurs,
where the cell walls crush together, resulting in a rapid increase of compressive stress [3].
The tensile deformation for small strains is similar to that found in compression, but they
differ for large strains. At small strains the foam deforms in a linear, elastic manner as a result of
cell wall bending similar to that in compression whereas in later stages, the cell walls rotate and
align, resulting in increased stiffness [3]. Figure 4-3 shows a typical tensile stress-strain curve for
PU foam material.

Figure 4-3: Typical tensile stress-strain curve of a foam material [3]

At small strains for both compression and tension, the average experimentally observed
Poisson‟s ratio, υ, of foams is 1/3. At larger strains it is observed that the Poisson‟s ratio is
effectively zero during compression. This can be attributed to the buckling of the cell walls
resulting in insignificant lateral deformation during compression. However, the Poisson‟s ratio is
non-zero during tension, which is due to cell wall alignment. The anisotropy in cell dimensions
arising out of foam manufacturing processes cannot be modeled using Hyperfoam material
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model. This is one limitation which is insignificant considering the large strain compression
problems.

4.2.2 Ogden Strain Energy Function for Hyperelastic Foams
For Polyurethane (PU) foams, a modified form of Ogden strain energy potential can be
applied [3],
N

U 
i 1

2i ˆi
1
[1  ˆ2i  ˆ3i  3 
(( J el ) i i  1)]
2

i

i

(5)

where, ˆi  1   i , i  13, is the ith principal stretch of the right stretch tensor,  i are
the principal strains, J el  12 3 , is the 3rd invariant of the stretch tensor equal to the elastic
volume ratio, and i 

i

1  2 i

determines the degree of compressibility which in turn depends on

the Poisson‟s ratio  i . Eqn. (5) neglects possible effects of thermal expansion and shows the
strain energy potential to be dependent only on the material parameters i ,  i ,  i , and the order

N used in the model.
The coefficients i are related to the initial shear modulus, 0 by
N

0   i ,
i 1

while, the initial bulk modulus, K 0 follows from
N

K0   2i (
i 1

1
 i )
3

The material parameters are calculated by curve-fitting experimental data as they depend
on material properties such as foam density and vary with deformation mechanisms [16].
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4.2.3 Foam Material Properties and Curve Fitting
In the present work, a study on the available material properties are carried out by curvefitting the uniaxial compression stress-strain data along with few established data found in the
open literature. This study forms the basis for choice of the foam material used in the FEM
analysis to be discussed in the later Chapters 5 and 6. Due to the availability of different sets of
foam material parameters, all based on their respective test specimen data; the curve fitting
provides a better understanding of the foam materials and its behavior in comparison with the
theoretical models of Ogden hyperelastic materials described earlier.
Mills and Gilchrist, 2000 [16], fitted a range of shear, compression and intermediate test
data on an open-cell polyurethane (PU) foam of density 38 kg m-3 using a second order model
with N=2, and values 1  20 , 1  20kPa ,  2  2 , 2  0.2kPa , and   0 . Data for a first
order model were also provided for N=1,   8 ,   10kPa , and   0 . Setyabudhy et al. [27]
fitted another set of uniaxial compression data for a polyurethane seat foam with a density of 41
kg m-3 and with 1  17.4 , 1  18.3kPa ,  2  2 , 2  0.21kPa , and   0 . Their study states
that the  values for polyurethane foam are a function of the microstructure which is because of
the change in linearity of the curve for materials with different density values. The 2 term has a
significant effect on the stress at high compressive strains [16]. In the present work, alternative
material values are obtained by curve fitting the uniaxial test data for PU foams used in the
cushion of an automotive seat provided in [23]. These alternative values are compared with the
material parameters published by Mills and Gilchrist 2000, and Setyabudhy 1997. A summary of
the material parameters of the previously published foam material models and also from the
uniaxial test data are provided in Table 4-2. The uniaxial compression stress-strain data found in
[23] are given in Table 4-3. In all these models,   0 .
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Coefficients

N

ρ
kg/m3

α1

Mills and Gilchrist,
2000
Mills and Gilchrist,
2000
Setyabudhy, 1997

1

38

8

2

38

20

2

41

Coefficients of
Uniaxial test data

2

38

α2

µ1
kPa

µ2
kPa

10

NA

-2

20

0.2

17.4

-2

18.3

0.21

22.938

-3.140

32.059

0.0637

NA

Table 4-2: Ogden Model Coefficients of Flexible Open-Celled Polyurethane Foam Material

Nominal Stress
N mm-2
-0.002
-0.003
-0.004
-0.005
-0.006
-0.009
-0.015

Nominal Strain
-0.05
-0.1
-0.3
-0.4
-0.5
-0.6
-0.7

Table 4-3: Uniaxial Compression Test Stress-Strain Data from [23]

ABAQUS provides a tool to fit experimental data for foam with Ogden material function
using either material parameters or experimental test data. The uniaxial test data along with the
order of the strain energy potential equation, N, Poisson‟s ratio, υ, and density, ρ are used as an
input for ABAQUS. Unlike stress-strain data for the plasticity material model, the values of stress
and strains are entered as nominal stress and strain values that are obtained from the test
specimen. Test data comprising compressive stress-strain data are entered as negative values [3].
Also, ABAQUS allows material evaluation for hyperlastic material models; this material
evaluation is available only for incompressible hyperleastic material and helps in identifying a
suitable strain energy potential if the user is left only with raw test specimen data.
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For uniaxial tension or compression, the principle stress using the Ogden strain energy
functional given in Eqn. 5 is obtained by taking derivatives with respect to principal stretch.
U 2 N i ˆ i
 
1  ( J el )i i
1 1 i 1  i



1 



(6)

with Poisson‟s ratio i  0 , then i  0 . Also, assuming that the lateral deflections are
insignificant under large compressive strains attributed to the extreme compressibility of the foam
material, the principal stretches ˆi and the elastic volume ratio J el can be reduced to
[17]: ˆ1  1  1 , ˆ2  ˆ3  1 and J el  ˆ1ˆ2ˆ3  ˆ1 . Using these simplifications,
Eqn. (6) is further reduced to
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2
ˆ

i

   ˆ
N

1 i 1

1

i



1

(7)

i

The approximation that Poisson‟s ratio is zero is widely used for low density
polyurethane foams. A Poisson‟s ratio of 0.2 and 0.09 is obtained in compression below and
above yield strain respectively for a PU foam material of density 100 kg m-3 which becomes 0.4
in tension. Also, it is observed that Poisson‟s ratio increases considerably in compression when
the density is increased and decreases with decreasing density whereas it remains essentially the
same in tension for change in density [21]. Using these observations, it is assumed that a further
reduction in density to 38 kg m-3 brings down the compression Poisson‟s ratio to near zero above
the yield strain. An almost similar relation between Poisson‟s ratio and density has been observed
by Mills and Gilchrist, 2000. Depending on the order of the strain energy potential, Eqn. (7) for
uniaxial stress can be written as:
For, N  1
 2  1  ˆ1
  1  1
 1  1 

1  
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(8)

For, N  2


 2   1  ˆ1
 2   2
   1  1    ˆ1  1 
 1   1 
 2 




1  







(9)

with corresponding strain 1  ˆ1  1 . These equations are used to plot the stress-strain curve
using the material parameters obtained from the established foam models and from curve-fitting
the uniaxial test data given in [23]; see Figure 4-4.
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Figure 4-4: Stress-Strain plot of different Polyurethane materials

From Figure 4-4, it is observed that the stress-strain behavior of the uniaxial test data
given in [23] is found to be in agreement with the stress-strain behavior of the established
material parameters reported in the open literature. A close examination also makes it clear that
the second order strain energy potential equation produced a better match than the first order
equation. Also comparing the curves from Figure 4-4 with the theoretical stress-strain behavior
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described in Figures 4-2 and 4-3, it is understood that the assumption that Poisson‟s ratio is zero
is acceptable and the use of uniaxial experimental stress-strain data given in [23] is validated. In
the present work, a density of 38 kg m-3 is considered for the FEM analysis as low density is
required to compensate for the assumption on Poisson‟s ratio [21].
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CHAPTER FIVE
FINITE ELEMENT MODEL OF THE REFERENCE SEAT BACKRET FRAME
In this chapter, the 3D geometric CAD model and the associated finite element model for
the seat backrest are described. The mesh features, multi-point constraints for modeling the bolted
joints and weld regions, load and boundary conditions are explained. Objectives and criterion for
optimization the procedures of the linear and non-linear finite element analysis are discussed.
Further, contact modeling using the backrest frame, backrest foam, and a body form model to
better represent the load path of the backrest moment test, with details of the load and boundary
conditions for this analysis are also described.

5.1 Geometric Modeling of the Reference Seat Backrest Frame
The 3D geometric CAD model of the backrest frame is obtained by reverse engineering
the physical seat. Dimensions of individual components and stamp features are measured from
the physical seat and the components of the backrest frame and connectors are modeled as 3D
surfaces; the thin sheet metal components are approximated as surfaces. Dimensions of the
reference seat backrest frame are measured by hand rulers and thus are only approximate. For
efficiency, thin shell elements are used to obtain accurate bending/shear stresses in areas of high
stress concentration. The Generative Shape Design module in the CATIA CAD package is used
to generate the 3D surface and wireframe models of the reference seat backrest frame. The 3D
foam is modeled as a solid. The components are assembled in CATIA and are imported into
HyperMesh for pre-processing the finite element analysis. Figure 5-1 shows the 3D geometric
surface model of the reference seat backrest frame and connectors, and the 3D solid model of PU
foam shown in grey color.
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Figure 5-1: 3D Geometric CAD model of the Reference Seat Backrest Frame

Splines and 3D curves are used to model the high contour regions of the vertical member
and the horizontal members. A number of points at different cross sections of backrest frame
components are identified and their distances are measured from a reference point, a basic sketch
is drawn on a plane using the points to create the primary shape of the components which are
further combined to a number of 3D points, lines, and curves to generate a smooth shape. A
number of datum planes were used to create different required sketches. Multiple cross sections
of specific components are obtained from a series of uniaxial sketches and multi-section extrude
is performed to obtain certain contour and curved regions. Once the basic model of the backrest
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frame is generated, the topology and depth of all the important stamping features are measured
and are sketched on planes parallel to the component surfaces having the stamped features. These
topologies are then projected onto the final holding component surfaces and are generated using
trim, offset and other surface generation commands. The important slots, for the headrest support
and the connectors, are also modeled.

5.1.1 Modeling Features and Assumptions

Figure 5-2: Comparison between the Physical Seat Backrest Frame and the 3D CAD Model

Figure 5-2 provides a direct comparison between the physical component and the CATIA
generated 3D CAD model. Almost all the important bolt slots and stamps are modeled except a
few stress relief features and nonessential holes and slots. Figure 5-3 shows the assumptions for
reduction in the overall foam spread (or draping). In the real seat, PU foam is covered all over the
skeletal backrest frame whereas for convenience in modeling and analysis, the foam that contacts
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the occupant alone is modeled. As for the concerned quasi-static FE analysis, this region of the
foam is sufficient to model contact with the body form and distribute load to the top and side
frame members.

Figure 5-3: Foam Region for Modeling Contact and Load Distribution

The lip along the curved length of the vertical member is approximated to be straight and
not angular as is found in the physical backrest frame. This approximation is mainly due to the
difficulty in modeling the 3D foam that has to be placed on top of the frame. In the physical
model of the seat, this angular lip helps the foam to wrap around the entire backrest frame. As the
geometric model consists of foam only in the contact regions, this approximation with the lip is
appropriate. Figure 5-4 shows the approximated region of the lip.
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Lip region

Figure 5-4: Straightening the lip to accommodate the Foam/3D Shell

5.1.3 Base Thickness Distribution
Seven sheets of low carbon steel are used in the construction of the backrest frame.
Vertical members and horizontal cross members of the reference seat backrest frame have a sheet
metal thickness of 1 mm. The additional bolster sheet, welded to the lower half of the vertical
member below the necking region is replicated by provision of an additional 1 mm thickness to
the region (this is an approximation neglecting the weld stiffness in that region). The connectors
are 4 mm thick. With the prescribed thicknesses, the mass of the reference seat backrest frame is
3.14 Kg, which is very close to the measured mass of the physical backrest frame, 3.1 Kg. Figure
5-5 shows the shell thickness on the reference seat backrest frame components used in the present
model.
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Figure 5-5: Shell Thickness on the Reference Seat Backrest Frame

5.2 Finite Element Modeling
5.2.1 Finite Element Meshing
Four node quadrilateral (CQUAD4 in HyperMesh and S4R in ABAQUS) and three node
triangle elements (CTRIA3 in HyperMesh and S3R in ABAQUS) are used to mesh the shell/
surface geometry of the reference seat backrest frame. A mixed meshing is performed to obtain a
better mesh density and gradation near the corners, edges, holes and the rounds. As a number of
sharp corners and edges are present in the geometric model, due to the presence of multiple
stamps, the use of triangle elements is justified. They are capable of filling small gap sections and
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other geometrically irregular regions as specified earlier. Meshing, for both the reference seat
backrest frame and the optimized backrest frame, is performed in HyperMesh CAE and an
element seed size of 3 mm is used. The reference seat backrest frame along with the connector
has a total of 43,946 shell elements; 42,757 four node quadrilateral elements, 827 three node
triangular elements and 362 weld elements (CWELD in HyperMesh) for the entire model. The
weld elements tie the different sheets at their connections. The weld elements are used only in
OptiStruct, for the linear-static analysis and free-size optimization, but they are replaced by multipoint tie constraints in ABAQUS/Standard and ABAQUS/Explicit, for non-linear static and
quasi-static analysis.
The optimized seat backrest frame along with the connector and a frontal foam has a total
of 44,272 elements; 26,366 are four node tetrahedral solid elements (C3D4), shown in Figure 5-6,
and the rest are a combination of four node quadrilateral elements and three node triangular
elements (an element seed size of 5 mm is used for the shell components and 10 mm is used for
the solid foam components). Element quality check is performed in HyperMesh to remove certain
distorted and warped elements. Even certain small geometrical regions are cleaned to enable a
better meshing. The thickness of the solid PU foam used for the quasi-static simulation of the
backrest is 20 mm. With the mesh employed, there are approximately three element modeled
through the thickness of the solid foam. The bolts and pins on the top cross member, vertical
members and the connectors are replicated by rigid bar element constraints in HyperMesh and
coupling constraints in ABAQUS, discussed in detail in the subsequent sections.
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Figure 5-6: Tetrahedron solid elements for the foam model; two elements through the
thickness

5.2.2 Multi Point Constraints and Weld Connections
The backrest frame has bolt locations and slots at the regions of its connection with the
connector and at the regions of its connection with the headrest support respectively. Also, bolt
locations are present in connectors in the region of its connection with the base frame. A total of
10 slots are present in the model including the ones on the connectors. Rigid bars are used to
create bolt connections and pin joints. For replicating bolt connections, all the nodes on the edge
of the hole are constrained in all six degrees of freedom to a point representing the center of the
hole. The center points of holes on the two surfaces bolted together are connected by a rigid link
with all degrees of freedom constrained except for rotation along the axis of the link. Coupling
constraints in ABAQUS and rigid bars in Altair HyperMesh is used to model the pin joints and
the bolt connections in the CAD model. Figure 5-7 shows the coupling constraints at the sleeve
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pocket. The slots that connect to the headrest support are also provided with a half coupling as
their center point is used for application of the headrest moment reaction forces (discussed later).
This multi-link constraint simulates the pin jointed bolt connections and non-jointed slots.

(a)

(b)

(c)
Figure 5-7: (a) Coupling on Vertical Member (b) Coupling on the Sleeve (c) Rigid Link as
Pin Joints Connecting the Two (non-connector model)

Seam welds are used to tie together the different components representing the different
sheets in the built-up frame. The four components of the backrest frame; two vertical members, a
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bottom cross member, and a headrest support (or top) cross member are connected using seam
welds (or line contacts). Figure 5-8 (a) shows the regions of seam weld in the FEA model. Rigid
(or tie) elements are defined between a set of nodes on one component to an equal number of
nodes on the connecting component. Tolerance is provided for the connections by measuring the
maximum distance between the participating nodes, the nodes that are apart at a distance more
than the tolerance distance will not be connected. These rigid elements provide a continuous
displacement path between the participating nodes and eventually the components. Rigid weld
elements, CWELD elements, are used in Altair HyperMesh whereas tie nodes are used in
ABAQUS. Both translation and rotation at both sets of participating nodes are constrained to
move together, wherein one set behaves as master node set and the other as slave node set.
Generally, the master nodes will be defined on the stiffest of the participating component [3]. It
has been observed that both the rigid elements and tie nodes behave the same way when it comes
to displacement and load path.
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(a)
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(b)
Figure 5-8: (a) Tie Constraints Used at Seam Weld Locations,
(b) Bearing Contact between Connectors and Sleeve

Another connection of importance is the bearing contact between the backrest- base
frame connector and the backrest frame. The connector slides into the connector pocket (or the
sleeve) on the lower half of the vertical members; the connector matches the profile of the sleeve
pocket with a small gap. The backrest, when loaded, is supported by the connector because of the
contact bearing support. Tie nodes are used to represent the bearing contact between edges of the
connector and surface of the sleeve pocket. Due to the difficulty in defining contact between the
edge of the shell element and the face of another shell element, tie nodes are used and tolerance is
provided to ensure the connection. Figure 5-8 (b) shows the tie nodes representing bearing
contact between connector and sleeve pocket.
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5.3 Loading and Boundary Conditions
5.3.1 Backrest Loads
As per the ECE R-17 backrest moment test, a moment of 530 N-m is to be applied
rearwards on the backrest about the H-point. With the absence of backrest support plate or contact
foam in place, the required moment is applied as a distributed pressure along the front surface of
the top cross member. This is a conservative assumption of the overall effect of the force. The
approximation is justified as the major portion of the human load is applied through the upper
half of the human torso in contact with the seat backrest [8]; or at the furthest position from the
H-point.
The magnitude of the pressure is determined by the following equation, p  F / A ,
where, p is the pressure in N  mm2 , F  M / r is the equivalent force producing a moment
M at a perpendicular distance r from the H-point, and A is the surface area (in mm2 ) of the

surface on headrest support (or top) cross member on which the pressure is applied. The distance
r is the perpendicular distance measured between the center of pressure on the applied surface

and the reference seat H-point. For the reference seat backrest frame, with surface area
A =19,434.806 mm2, r =545 mm, the magnitude of pressure for producing a backrest moment of

530 N-m is found to be p=0.05004 Nmm-2. Pressure is applied in HyperMesh, on the front surface
of the headrest support (or top) cross member, on an element level as shown in Figure 5-9. The
same location of the H-point is considered for all the analysis performed. Figure 5-9 shows the
backrest pressure applied on front face of the top cross member.
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Backrest Pressure

Figure 5-9: Backrest Pressure Producing the Rearward Backrest Moment

5.3.2 Headrest Loads
As per the ECE R-17 headrest test, as the first step, a moment of 373 N-m is applied
rearwards on the backrest frame about the H-point. Next, a headrest moment of 373 N-m about
the H-point is applied on the headrest at 60 mm below its topmost position, which is further
raised to an overall headrest force of 890 N at the same point.
As described in the previous section, the 373 N-m backrest moments about the H-point is
applied as equivalent distributed pressure on the front surface of the top cross member. The
magnitude of the pressure for this moment is p=0.035215 Nmm-2 for the same surface area
' A ' and perpendicular distance ' r ' as specified in the previous section.

43

Force- Couple acting
at top and bottom
mounting points
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Figure 5-10: Headrest Reaction-Couple replicating the Headrest Moment

The headrest moment is applied in terms of equivalent force-couple at the headrest
mounting points on the headrest support cross member. The method of determination of the
reaction forces is prescribed in [8], using which the reaction forces at the four mounting points of
the headrest support on the top cross member, corresponding to a headrest moment of 373 N-m
are determined. A force of 484 N is required to act at the specified point on headrest, which is at a
distance of 770 mm from the H-point, to produce the 373 N-m moment about the H-point. The
reaction forces, corresponding to the headrest force of 484 N, at the two, top, mounting points are
1210 N whereas at the two, bottom, mounting points are 968 N. When the headrest force is
increased to 890 N, the reaction forces at the top mounting points are 2225 N, and at the bottom
mounting points are 1780 N. Figure 5-10 shows the mounting points at which the reaction forces
are applied.
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5.3.3 Boundary Conditions
Initially, two different types of boundary conditions at the base of the backrest frame are
compared: the backrest frame with the connector modeled, and the backrest frame without the
connector and assuming rigidly constrained at the bearing surfaces. The reason for creating the
two different boundary condition models is to study the effects of the stiffness of the more
complicated connector model on the stress and displacement values and distribution in the
backrest frame, when compared to a simplified model which does not require modeling the
connector, but instead represents the connector as a rigid restraint at the bearing contact of the
backrest frame.
For the model with the backrest frame with the connector, the boundary conditions are
defined on the connectors, as they are the components in contact with the base frame, through the
backrest adjustment mechanisms. Coupling constraints are defined on a slot on the connector that
accommodates the cross tube, that further connects it to the base frame. The center node of the
coupling constraint is allowed to rotate about the axis of the center point, whereas other degrees
of freedom are restrained. A fixed boundary condition is defined on the leading half of the bottom
edge of the connector, the region of the connector that meshes with the gear of the backrest
adjustment mechanism. All degrees of freedom are restrained in that region; this boundary
condition is the replication of the necessary restraint generated by locking the seat backrest at any
particular position using the backrest adjustment mechanisms. Figure 5-11 shows the regions of
boundary conditions for the connector.
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Pin BC

Fixed BC at Gear Mesh
Connection

Figure 5-11: Boundary Conditions on the Connector

For the model with only the backrest frame, the boundary conditions are defined at the
bolt slots on the connector sleeve pockets on vertical members and at the bearing surface of the
sleeve in contact with the connectors, if present. Coupling constraints are defined on the bolt slots
to simulate the bolt locations as pin joints. The master node of the rigid link, which connects the
center node of the two parallel coupling constraints, is subjected to an initial boundary condition;
rotation along the axis of the rigid link is allowed whereas other degrees of freedom are
restrained. Another boundary condition is defined on the bearing surfaces on the connector sleeve
to replicate the presence of a connector in them; only the translation along primary X-axis is
restrained. Figure 5-12 shows the boundary conditions on the sleeve and the bolt slots.
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Restraints at
bearing surfaces
Pin BC

X-axis
Figure 5-12: Boundary Conditions on the Connector Sleeve

5.4 Static Linear and Non-Linear Analysis
Linear and nonlinear finite element analysis of the ECE R-17 backrest moment and
headrest test is performed on the reference seat backrest frame, with and without connector, to
observe the strength and deflection characteristics of the backrest frame components. Simulation
of the backrest and headrest test is performed without the connector to observe the amount of
material yielding in the vertical members of the frame. The finite element model of the backrest
frame with the connector shows the amount of material yielding in connector, in addition to the
frame components, which in real case is the load bearing component of the entire seat assembly.
Analyses were performed by considering the original thickness on the physical backrest frame
component. As the components were modeled as 3D surfaces, a shell thickness of 1 mm is
assigned to most of the regions except the lower half of the vertical members where there is
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double sheet metal surfaces welded together in the physical component. A shell thickness of 2
mm is assigned in that region as an approximation for the additional surface; weld stiffness is not
considered in that region.
Linear static analysis is performed in OptiStruct and non-linear static analysis is
performed in ABAQUS/standard for the backrest moment and the headrest test. For the linear
analysis, an elastic material is used for the backrest frame components and the connectors; steel
with Young‟s modulus (E= 210 M Pa), density (ρ= 7.85 g/cc) and Poisson‟s ratio (υ= 0.29) is
used for the linear analysis. Linear static analysis is performed as a prelude to optimization, as
optimization is performed in a linear optimization solver.
For the non-linear analysis, plasticity is considered for the low strength steel and high
strength steel assigned to the backrest frame components and connectors respectively. The
property of the grades of steel used and a brief explanation on material plasticity is provided in
Chapter 3. In addition to this, geometrical non linearity (large displacement) is enabled in
ABAQUS/Standard. Non-linear analysis is generally performed to predict the behavior of the
reference seat backrest frame and the connectors after its yield point and to determine factors of
safety for failure at ultimate stress or maximum strain.
Non linear analysis of the backrest moment test is done in ABAQUS for a time period of
1 second, a backrest moment of 530 N-m is applied, whereas the headrest test is simulated for a
total time period of 2 seconds in two steps; the first step requires the application of the backrest
moment of 373 N-m whereas the second step requires the application 373 N-m headrest moments
which is further increased to 890 N headrest forces. The backrest moment of 373 N-m is
propagated to the second step wherein both the backrest moment load and the headrest moment
loads act together. Load is increased linearly from zero to its maximum magnitude using a ramp
function defined in ABAQUS [3]. For step 2 in headrest test, the same ramp function is divided
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into half within the time period of 1 second to allow the increment of the applied force from 373
N-m equivalent force-couple to the 890 N equivalent force-couple. Two ramps are defined within
the second step, from 0 seconds to 0.5 seconds till amplitude of 0.5438 producing 373 N-m
moment and from 0.5 seconds to 1 second till amplitude of 1 producing 890 N, were used to bring
this kind of force input required in step 2. The loads, boundary conditions, finite element
modeling features, and the model assumptions for the linear and nonlinear analysis are provided
in the preceding sections of this chapter.

5.5 Free-Size Optimization
Free-Size optimization is carried out in Altair‟s OptiStruct linear optimization solver.
For shell elements, free-size optimization in OptiStruct allows thickness to vary freely between its
lower and upper bound for each element in the finite element model, under the given design
objective and subject to given design constraints. Even, if the optimization of the specimen
component is performed using multiple load cases, the result would be optimal enough to
withstand all the load cases; this fact finds importance as optimization under two load cases of
backrest test and headrest test are performed [19].
The design problem is to minimize the mass of the reference seat backrest frame with
shell thickness as the design variable, subject to the design constraints of stress and tip
displacement. For the stress constraint, Von-Mises Stress is limited to be less than or equal to the
yield stress (305 MPa) for the low carbon steel assigned to the backrest frame components. As the
yield point for the high-strength steel (assigned to connector components) is greater than the lowstrength steel, the optimization results of the backrest frame model involving the connector would
be considered safe and acceptable. In this study, the connectors are not subjected to changes in
optimization results. OptiStruct has an inbuilt capability to neglect local stress singularities in the
participating component and hence the optimized result under stress constraint will be violated
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only in local regions with stress singularities [19].

This feature is required, so that the

optimization can proceed without the unrealistic limit of stress at these local stress singularities
arising near sharp corners in a linear elastic finite element analysis. From nonlinear analysis it is
confirmed that while the material has yielded at these corners, the stress value is below the
ultimate stress for the material and is not singular. Based on the linear analysis of the reference
seat with assumed shell thicknesses, the tip (top most point) on the backrest frame is subjected to
a displacement constraint that limits the negative X-displacement (or the rearward deflection) of
the point to be less than or equal to 10 mm, which was the maximum displacement found for the
reference seat.
Optimization is performed on the reference seat backrest frame, for the geometric model
with and without the connector under two tests (or loading cases); backrest moment test and the
headrest test. For the backrest frame model without the connector, optimization is performed on
all the components with shell thickness as the design variable. The total number of steel sheets
are maintained the same whereas only the sheet thickness is allowed to change. Thickness is
allowed to vary between 0.8 mm and 2 mm. The lower bound of thickness is decided by taking
the requirements and rules of sheet metal stamping into consideration. As a minimum of 0.5-0.6
mm thickness can be achieved by drawing highly ductile steel materials, a small increment of 0.2
mm is given as a safety margin and fixed as the minimum allowable thickness [28]. The upper
bound of thickness is chosen by considering the maximum shell thickness present in the physical
component.
For the finite element model of the backrest frame with the connector, free-size
optimization is performed with two sets of design variables and participating components. A
thickness range of 0.8 mm to 2 mm is prescribed for optimization involving the components of
backrest except the connectors whereas a thickness range of 0.8 mm to 4 mm is prescribed for
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optimization involving all the components (including the connectors);

the upper bound of

thickness has been raised as the shell thickness on the connectors is 4 mm.

5.6 Non-Linear Contact Modeling
5.6.1 ABAQUS Body form and its Positioning
SAE J826 manikin body form representing occupants back is modeled in ABAQUS as a
rigid body [2]. The body form represents the SAE J826 manikin body form (a physical SAE J826
manikin was not available). The ABAQUS body form is 340 mm wide and 515 mm long. A mass
of 10 kg and mass moments of inertia with respect to a reference point of the rigid body form are
defined as Ix = 455 kg-m2, Iy = 359 kg-m2, and Iz = 96.3kg-m2. These values are approximated
from a rectangular box with dimensions which envelope the curved rigid body form model used
for analysis. The reference point is at 360 mm in the vertical Z-direction above the H-point, and 5
mm in the negative X-direction from the H-point.
The body form is placed in front of the backrest foam model, draped over the skeletal
backrest frame. A middle point on the topmost leading edge of the frontal foam is marked; the
body form is placed at a distance of 20 mm along positive X-axis and 25 mm along negative Zaxis from that point. The negative 25 mm in the Z-direction places the body form in the center of
the top cross member. An inclination of almost 25 degrees is provided to the body form such that
the position of the body form resembles an occupant laid back on a seat backrest. The body form
is located at a small distance from the backrest foam such that, whenever the load is applied,
contact will be detected between them and loads are distributed to the backrest frame at the top
and side members. The positioning of body form finds importance as any change in the
positioning and the inclination affects the propagation of the backrest moment and eventually the
load path on the backrest frame components [2]. Also, as part of the present work, the distance of
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the body form from the backrest foam model is used as a variable in a study to replace the 3D
Hyperfoam model with a thin 3D surface shell model with Hyperfoam or elastic properties
producing a near similar behavior in moment and deflection.

Body form
placement
point

Figure 5-13: 3D Body form positioned in front of the Backrest foam (Initial position)

5.6.2 Contact in ABAQUS
Contact is defined between the rigid body form and the backrest foam and foam with the
top cross member of the backrest frame. General contact is defined in ABAQUS/Explicit; no
specific surfaces are chosen as contact pairs, instead contact definition is considered for all the
surfaces that come into contact. Any surface contacting any other surface, as part of the finite
element model, has been defined through this general contact definition, a special tool available
only in ABAQUS/Explicit. Two important contact related properties are defined as part of the
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general contact formulation; a frictionless tangential contact and hard normal pressure over
closure for all the surfaces under contact. More detail can be incorporated depending on the
interest in local behavior and analysis requirements. For the quasi-static finite element analysis of
the reference seat backrest frame under the backrest moment test, the considered contact
properties are found to be adequate.

5.7 Quasi-Static Backrest Moment and Headrest Test
ABAQUS/Explicit is used in a quasi-static simulation of the ECE R17 backrest test with
the finite element model of the final optimized backrest frame with connectors, this time covered
with a 3D solid PU foam material modeled with Hyperfoam properties in ABAQUS. Loading and
boundary conditions along with other important features of the considered finite element model
are discussed in the following sections.

5.7.1 Loading and Boundary Conditions
5.7.1.1 Pivot and Link Mechanism
A pivot and link mechanism is defined between the H-point of the seat and reference
point of the rigid body form. The link mechanism is defined in such a way that the entire body
form is allowed to rotate about the H-point along the axis perpendicular to the link and passing
through the H-point. The body form is also allowed to rotate about its reference point in such a
way that the reference point acts as a pivot to exploit the rotation about the H-point. The
mechanism allows the body form to settle completely over the backrest foam providing a
distributed contact, the position from which the backrest moment and the corresponding angle of
rotation is measured. A detailed procedure to determine the backrest moment „M‟ and the
corresponding seat backrest angle about the H-point „θ‟ is presented in [2]. According to [2], a
horizontal force applied at the rigid body form reference point generates the required backrest
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moment about the H-point. As both the link and body form is allowed to rotate with the
propagation of the applied force, the changing backrest moment with the changing distance
(distance between the H-point and the rigid body form reference point) and constant input force is
measured. This backrest moment is plotted against the corresponding seat backrest angle (or
angle of rotation of the body form) about the H-point to understand the, backrest moment- seat
backrest angle, behavior of the optimized backrest frame. This plot, showing the momentdeflection characteristics, becomes important when the backrest moment is increased to
determine the factor of safety, or, if an increased backrest moment is made part of the test
requirement. As such an increased backrest moment is considered for the foam replacement
study, this mechanism is of interest. Detailed explanation of the moment-theta plot and the
method of generating it are discussed in Chapter 6. Figure 5-14 shows the link mechanism
defined between the seat H-point and the rigid body form reference point. The H-point is located
at 545 mm below the middle point on the front surface of the top cross member, the middle point
whose offset along positive X-axis is used to locate the body form. 545 mm is the distance
r between the center of conservative pressure load producing the backrest moment and the H-

point that was used for the linear and nonlinear analysis.
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Figure 5-14: Body form Pivot and Link Mechanism used in the Quasi-Static Analysis

5.7.1.2 Loads
As mentioned earlier, the backrest moment is applied in terms of horizontal force applied
at the body form reference point. The reference point is at 360 mm from the H-point, shown in
Figure 5-14, and to produce a backrest moment of 373 N-m, a horizontal force of 1036.11 N is
applied. The headrest loads are applied as an equivalent force-couple at the headrest mounting
points on the frame; the magnitudes of the reaction forces are the same as used for the static linear
and non linear analysis discussed earlier. Only the headrest test is considered for the quasi-static
analysis, as headrest loads form the maximum loading condition which are evident from the
results of static non-linear analysis carried out earlier. Figure 5-15 shows the applied horizontal
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force, producing the required backrest moment, acting at the reference point and the headrest
reaction forces at the mounting points on the headrest support (or top) cross member.

Headrest forcecouple applied to
holes in backrest

Horizontal force
creating backrest
moment

Figure 5-15: Headrest (equivalent force-couple) and Backrest (horizontal force) Loads used
in the Quasi-static Analysis

5.7.1.3 Boundary Conditions
The finite element model of the optimized seat backrest frame with the connectors is
considered for the quasi-static analysis. The boundary conditions considered for the quasi-static
analysis are the same as that is used for the linear and non linear analysis of the reference backrest
frame with the connectors. Coupling constraints are defined on a slot on the connector that
accommodates the cross tube. The center node of the coupling constraint is subjected to a
boundary condition where rotation along the axis of the center point is allowed whereas other
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degrees of freedom are restrained. A similar free rotation boundary condition is given to the Hpoint that forms the link mechanism with the reference point of the rigid body form. Another
boundary condition is defined on the leading half of the bottom edge of the connector, the region
of the connector that will be in contact with the components of backrest adjustment mechanism.
All degrees of freedom are restrained in that region; this boundary condition is the replication of
the necessary restraint generated by fixing the seat backrest at any particular position using the
backrest adjustment mechanisms. Figure 5-16 shows the locations of boundary conditions
assigned.

Figure 5-16: Boundary conditions used in the Quasi-Static Analysis

5.7.2 Mass Scaling
Foam in compression increases the computation time and eventually cost. Semiautomatic mass scaling is used in ABAQUS/Explicit as a tool to reduce the computation time
with insignificant variation in the obtained result. A stable time increment of 10e-4 is defined for
the analysis which helps in increasing the mass on the body, eventually decreasing the
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computation time. Mass scaling is applied over the whole region of the model at the beginning of
each step. To ensure that the scaled mass doesn‟t produce any inertial effects, the kinetic energy
of the model is compared with the total internal energy.

Figure 5-17: Energy vs. Time showing the Total Kinetic Energy and Total Internal Energy

If the kinetic energy is less than 5 % of the total internal energy, then the analysis can be
considered to be quasi-static due to the reduced influence of the inertial forces. Also, total energy
of the model must remain constant throughout the analysis. Figure 5-17 shows the kinetic energy
of the body to be less than 5% of the total internal energy, also the total energy remains constant.
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CHAPTER SIX
RESULTS AND DISCUSSIONS
The results of linear and non-linear finite element analysis of the reference seat
backrest frame under the backrest moment test and the headrest test are discussed followed by the
computation of its factor of safety for both the backrest and headrest test. Free-Size optimization
of the reference backrest frame is discussed following which the non-linear analysis results of the
optimized seat are presented. The factor of safety for the optimized seat is computed and is
compared with the factor of safety for the reference seat backrest frame. Then, the quasi-static
backrest test of the optimized backrest frame with the backrest foam and rigid body form is
discussed. A series of quasi-static backrest tests on the backrest frame with different foam models
are presented, as part of the study on replacement of the 3D solid foam model with a thin shell
foam and elastic model. With a suitable replacement, the results of quasi-static analysis using the
equivalent shell models are presented for the backrest test of the optimized seat backrest frame.

6.1 Static Backrest-Moment Test on Reference Seat Backrest Frame
6.1.1 Linear and Non-Linear Analysis
The linear static analysis on the model of backrest frame with the connector under the
backrest moment of 530 N-m produced high stresses in the connectors and at certain regions on
the backrest frame. As the connectors are the highest load bearing members with large internal
bending moment and shear forces in this model, high stresses are expected to be in them. Figure
6-1 shows the Von-Mises stress contour on the backrest frame and the connectors from the linear
analysis.
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Figure 6-1: Von-Mises Stress Contour for ECE R17 Backrest Test (linear analysis) on
Backrest frame with Connector

The maximum stress on the connector is 526.5 M Pa whereas the maximum stress on the
backrest frame is 505.6 M Pa at region B. In the frame, high stresses are present in the regions of
contact between the vertical members and the top cross member (Region A in Figure 6-1), and at
the region of bearing contact on the sleeves (Region B in Figure 6-1). The high stress regions in
the backrest frame are the regions of geometrical irregularities such as sharp corners and edges as
against the smooth rounds and fillets present in the physical component. For efficient finite
element modeling of the backrest frame with reasonable element size, all the fillets at corners
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could not be modeled in detail. As a result, relatively sharp corners exist at these locations in the
finite element model. Stress singularities at these locations are not realistic in the physical part
due the presence of smooth fillets in these locations, and thus the high stress concentrations in the
idealized finite element model are ignored in the linear analysis. A more accurate representation
of the stress field near these fillet locations are observed in the non-linear analysis. Neglecting the
singular stresses, high stress values at a small distance from the singular region in backrest frame
is 284 MPa and the connector is 237 MPa, which are below the yield strength for the material
used for these components.
Non-linear analysis of the backrest test provides the additional capability of modeling
plastic strains. Figure 6-2 shows the Von-Mises Stress contour in the backrest frame and the
connectors in the non-linear analysis. The maximum Von-Mises stress on the connector is 319
MPa and the backrest frame is 273 MPa, at region B which is below the yield stress for the
material. The maximum value of Von-Mises stress observed from the nonlinear analysis is greatly
reduced when compared to the linear analysis, as the stresses are distributed from local regions
due to metal plasticity.
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Figure 6-2: Von-Mises Stress Contour for ECE R17 Backrest Test (non-linear analysis) on
Backrest frame with Connector

Figure 6-3 shows the Von-Mises stress contour on the backrest frame model without the
connector found from linear elastic analysis. As mentioned earlier, high stresses are found in the
regions of contact between the vertical members and the top cross member (region A in Figure 63), and at the region of bearing contact on the sleeves (region B in Figure 6-3). Additionally, high
stresses are found in the necking region, the tapering region from the wider bottom to the
narrower top (region C in Figure 6-3), of the vertical members. For this boundary condition, high
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stresses at the tapering region result from the rigid constraint which lacks the flexibility of the
connector model shown earlier. Any reduction in the flexibility of the model due to absence of
the base frame or the connector may result in yielding, shown in non linear analysis, of the
necking region.

A

C

B

Figure 6-3: Von-Mises Stress Contour for ECE R17 Backrest Test (linear analysis) on the
Backrest frame with rigid constraint at connector

From the linear analysis, the maximum value of Von-Mises stress on the backrest frame
is 304.7 MPa at the region of connection between the vertical members and the top cross member.
Neglecting the artificial stresses resulting from stress singularities, the actual high stresses in the
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backrest frame measured at a small distance from the singular regions are in the order of 140.6
MPa. Figure 6-4 shows the Von-Mises stress contour on the backrest frame obtained from the
non-linear analysis. High stress values are observed in regions A, B and C on the backrest frame.
The maximum value of Von-Mises stress on the backrest frame is 251.3 MPa at the region of
contact between the vertical members and the top cross member, which is less than the maximum
on the previously discussed model with the connectors included. Stresses in the backrest frame
measured at a small distance from the high-stress regions are in the order of 140.3 MPa, similar to
what was found from the linear analysis. The magnitude of maximum stress and also the nonsingular stress is less than the previously discussed model of backrest frame with connectors, the
reason being the presence of connectors and their connection with the sleeve pocket. The
maximum Von-Mises stress on the connector model is in the sleeve pocket region of the backrest.
The connection between the connector and sleeve pocket provides a rather miscued displacement
path creating stress singular regions in the linear model; hence the difference in stress values
between the connector model and non-connector model can be neglected in this region.
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Figure 6-4: Von-Mises Stress Contour for ECE R17 Backrest Test (non-linear analysis) on
the Backrest frame with rigid constraint at connector

6.2 Static Headrest Test on Reference Seat Backrest Frame
6.2.1 Linear and Non-linear Analysis
The linear and nonlinear static analysis on the backrest frame with the connector under
the headrest test is discussed below. A two step backrest and headrest moment is applied as part
of the headrest test. A 373 N-m backrest moment in Step 1 and a 373 N-m headrest moment in
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Step 2 further increased to a headrest force of 890 N are applied on the backrest frame with
connector. The total amount of loading is more than the backrest test as it involves the effect of
both backrest and headrest moment. As the headrest test also gives deflection limits as a
requirement, the deflection contour of the considered models is provided. As expected, the
maximum deflections are towards the top on the backrest frame, irrespective of the backrest
frame model with connector or without the connector.

Figure 6-5: Deflection Contour (Linear analysis) on Backrest Frame with Connectors under
Headrest Test

Figure 6-5 shows the deflection contour of linear analysis on the backrest frame with
connector under the headrest test. The path of deflection from the bottom to the top most point in
the frame could be clearly seen in the figure. The maximum deflection is 7.35 mm at the top of
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the frame. Figure 6-6 shows the deflection contour of non-linear analysis on the backrest frame
with the connector under the headrest test. The maximum deflection is increased to 7.5 mm, again
towards the top of the frame. The deflection contour is almost the same for the linear and nonlinear analysis except that in non-linear analysis, the contours show that the upper region has
higher displacement values.

Figure 6-6: Deflection Contour (Non-linear analysis) on Backrest Frame with Connectors
under Headrest Test

Figure 6-7 shows the deflection contour of linear analysis on the backrest frame under
the headrest test with rigid constraints at the connector. The maximum deflection is reduced to
2.79 mm at the top of the frame. The reduction in the deflection from the previously discussed
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connector model can be attributed to the rigid boundary condition which can be viewed as an
infinite stiffness for the connector, as discussed earlier.

Figure 6-7: Deflection Contour (Linear analysis) on Backrest Frame under Headrest Test
with rigid constraints at connector

Figure 6-8 shows the deflection contour obtained from non-linear analysis for the
backrest frame under the headrest test with rigid constraints on the connector. The maximum
deflection is 2.8 mm, again towards the top of the frame. The deflection contour is almost the
same for the linear and non-linear analysis except that in non-linear analysis, the contour is more
refined. The maximum deflection for both the models is less than 10 mm, which will be used later
as a constraint for the optimization study. The ECE R17 test requires the headrest to deflect
below a maximum limit of 102 mm. With a maximum deflection for the backrest frame of 10
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mm, this leaves 92 mm for the headrest to deform before reaching the limit of 102 mm. It is
beyond the scope of this work to model the details and flexibility of the posts, and foam covering
the plastic energy absorbing reinforcement structure found in the headrest. Recall that in the
present study, the forces applied to the headrest and replaced by an equivalent force-couple on the
mounting holes of the backrest frame.

Figure 6-8: Deflection Contour (Non-linear analysis) on Backrest Frame under Headrest
Test

Figure 6-9 shows the Von-Mises stress contour from nonlinear analysis on the models of
backrest frame with the connector under the headrest test. In addition to deflection, observation of
the Von-Mises stress on the backrest frame and the connectors under the headrest test shows
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locations of maximum stress are the same as in the backrest test, however, the magnitude of
maximum stress has increased as compared to the backrest test. The regions under yielding are
the same except the regions surrounding the mounting points of the headrest, which did not yield
in the backrest moment test. As expected, there was no yielding in the necking region on the
vertical cross member. The maximum stress on the connector model of the backrest frame is
416.8 MPa at the regions of connection between top cross member and vertical member. The
stress at a distance from the maximum stress is 373.68 MPa, 334.714 MPa, and 305.699 MPa in
the three available directions from the maximum stress location, which is a corner. The maximum
stress 416.8 MPa is less than the ultimate stress, 438 MPa, but more than the yield stress, 305
MPa, of the material used. Figure 6-10 shows the Von-Mises stress contour from nonlinear
analysis on the models of backrest frame without the connector under the headrest test. The
maximum stress on the backrest frame model without the connector is 422.8 MPa, at the regions
of connection between top cross member and vertical cross member. The stress at a distance from
the maximum stress is 383.53 MPa, 334.716 MPa, and 305.735 MPa in the three available
directions from the maximum stress location, which is a corner. These stress values are almost the
same when compared to the connector model of backrest frame. The maximum stress 422.8 MPa
is less than the ultimate stress, 438 MPa, but more than the yield stress, 305 MPa, of the material
used. The backrest frame has comfortably passed the headrest test.
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Figure 6-9: Von-Mises Stress Contour from Nonlinear Analysis on Backrest frame with
Connector under Headrest test

The increase in the amount of stress in the model under the headrest test is due to the dual
effect of the backrest moment and the headrest moment, which makes the headrest test to be the
maximum loading case. Headrest test results play a major role in free-size optimization, discussed
in the subsequent sections
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Figure 6-10: Von-Mises Stress Contour from nonlinear analysis on the Backrest frame
under headrest test without connectors

6.3 Study of Weld Connections
The requirement to study the regions of weld (or tie in ABAQUS) arises due to the high
stress singularities in some of these regions. The previous discussions show that high stress in the
backrest is mostly near the regions of connection between the backrest frame components. As the
components are connected using rigid elements namely CWELD elements in HyperMesh and tie
nodes in ABAQUS, the need to verify the validity of the connections arises. In order to prove that
the rigid connector elements have no role in the high stresses and also to show that the
displacement path through them is as good as well connected realistic backrest frame
components, an ideally continuous backrest frame model without the rigid connector elements are
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subjected to linear and non-linear analysis under the headrest test. Only the headrest test is
considered as it is already shown to be the maximum loading case. Also, in this finite element
model, only the connectors are connected to the frame using rigid tie elements, whereas the frame
is ideally continuous.
Figure 6-11 shows the Von-Mises stress contour on the ideally continuous backrest frame
model and the connector under the headrest test. The regions of high stresses and yielding are
almost the same as the backrest frame model with rigid connector elements, though there is a
change in the magnitude.

Figure 6-11: Von-Mises stress contour on continuous backrest frame and connector under
the headrest test. (Left) Linear analysis, (Right) Nonlinear analysis.

Figure 6-12 shows the Von-Mises stress contour on only the ideally continuous backrest
frame model under the headrest test. The regions of high stresses, as mentioned earlier, are the
same as the model of the backrest frame connected using rigid elements. Only the magnitude of
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the stresses is different, much higher in the ideally continuous frame than the backrest frame
connected together as four different components. So, the results prove that the presence of tie
connections between the backrest frame components doesn‟t add additional stress singularity but
reduces it when compared to the ideally continuous backrest frame. The maximum stress in the
ideally continuous model has gone up to the order of 32 to 35 percent when compared to the
connected backrest frame model. The connected backrest is thus found to be less stiff and better
replicating the original backrest frame model when compared to the ideally continuous model.

Figure 6-121: Von-Mises stress contour on backrest frame under the headrest test

6.4 Factor of Safety for the Reference Seat backrest Frame
The factor of safety for the reference seat backrest frame is computed for the backrest
moment and the headrest tests using static nonlinear analysis in ABAQUS/Standard. Three types
of failure criteria are taken into consideration; Von Mises stress  VM   ultimate , Max in-plane
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plastic strain    pl and deflection of the top most point on the backrest frame   102mm . If any
of the three parameters in the backrest frame components exceeds the corresponding limiting
value, it is considered to be failure. Failure is considered at the point in time where one of the
three criterions is first exceeded.

6.4.1 Backrest Test
Under the backrest test, the backrest frame model with the connector failed at a backrest
moment of 2063.6 N-m. At the point of failure, the maximum Von-Mises stress on the connector
is 729.4 MPa (less than the ultimate stress value  ul = 787.4 M Pa for high strength steel) whereas
the maximum stress on the backrest frame is 518.9 MPa, greater than corresponding ultimate
stress  ul = 438 MPa. The maximum plastic strain on the backrest frame components is 0.138 on
the necking region of the vertical member and the maximum tip displacement was 96 mm. As the
backrest moment test is a strength based test, the failure can be attributed to high stress
singularity and large amount of region under yielding. The plastic strain of 0.138 is very close to
the actual maximum plastic strain of the low strength steel assigned for the backrest frame
components, 0.182. Thus, this can be considered a stress based failure. The backrest frame model
without the connector failed at a backrest moment of 3016.64 N-m. As the high strength
connectors are absent, and the model lacks the flexibility of the connectors; the additional
stiffness in the model has extended the point of failure. The maximum Von Mises stress on the
backrest frame occurs on the necking region and has a value 452.1MPa  438MPa which exceeds
the ultimate stress for the low strength steel assigned for the backrest frame components. The
plastic strain corresponding to this stress is only 0.0308, and thus the failure is due to the stress.
Factor of safety driven by stress for the connector model is 3.89 whereas for the non-connector
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model is 5.69 for a base backrest moment of 530 N-m. This high safety factor provides scope for
mass reduction.

6.4.2 Headrest Test
Under the headrest test, the backrest frame model with the connector failed at a headrest
force of 1597.2 N. The maximum Von-Mises stress at failure occurred in the backrest frame and
not on the connector as expected. The maximum Von-Mises stress was 677.7 MPa in the region
of contact between the vertical member and the top cross member, which is more than the
ultimate tensile stress, 438 MPa for the low strength steel. The maximum strain was also on the
backrest frame, 0.188, which exceeds the plastic strain at maximum elongation, 0.182 for the low
strength steel. The maximum tip displacement, 25 mm, at failure was less as against the limiting
criterion. This failure can be considered a strain failure if the stress singularity has to be
neglected. The backrest frame model without the connector failed at an almost similar headrest
force of 1569.37 N, the difference with connector model is very less. Maximum Von-Mises stress
at failure, 676.2 M Pa, found in the region of connection between the vertical member and the top
cross member exceeds the ultimate tensile stress, 438 MPa for the low strength steel. The plastic
strain at failure, 0.187, was again higher than the plastic strain at maximum elongation, 0.182 for
low strength steel. The maximum tip displacement, 8 mm, at failure was very less as expected by
the absence of the flexible connectors. This failure also seems to be due to strain accumulation.
Factor of safety driven by excessive plastic strains for the connector model is 1.79 whereas for
the non-connector model is 1.76 for a base headrest force of 890 N.
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6.5 Free-Size Optimization of Complete Reference Seat Backrest Frame
As discussed in Chapter 5, the free-size optimization is performed on the reference backrest
frame model with connectors and without connectors, the reason for doing so has been described
earlier.

6.5.1

Backrest Frame Model with the Connectors

The result of linear free-size optimization on the backrest frame with the connector subjected
to backrest moment is shown in Figure 6-13. Optimization under the backrest test is carried out
on the backrest frame components except the connector, in a design space of 0.8 mm to 2 mm
shell thickness. Connectors are not subjected to optimization as they are considered as the load
bearing members in the complete seat assembly. As the backrest moment test is not a high
loading case, the results shows the shell thickness to fall under the lower most range of 0.812 mm
to 1.166 mm, throughout most of the backrest frame components. The bolster plate on the top
cross member, the top cross member itself and the bottom cross member takes the minimum
available shell thickness.
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Figure 6-13: Thickness Contour obtained from Free-Size Optimization on the Backrest
frame under the backrest test

The result of linear free-size finite element optimization on the backrest frame with the
connector subjected to headrest test is shown in Figure 6-14. Optimization under the headrest test
is carried out on the backrest frame components except the connector, in a design space of 0.8
mm to 2 mm shell thickness. The thickness of the participating components lies within the design
space. The headrest test combines the effect of both backrest moment and the headrest moment.
As the results of linear and non linear analysis proves the headrest test to be the maximum
loading case, the results of optimization is considered to be optimal for both backrest and headrest
moment. The stress singular locations at the connection between the vertical members and the top
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cross member and at the locations of bearing contact in sleeve requires thickness in the range of
1.5 mm to 2 mm whereas the rest of the regions lie in the lowermost thickness range of 0.812 mm
to 1.166 mm.

Figure 6-14: Thickness Contour from Free-Size Optimization on the Backrest frame under
the Headrest test

The gradation in thickness is quite high when traversing from the stress singular regions
to the moderate stress regions, which cannot be designed in an assembly, composed of only a few
welded sheet metal components. Such irregular distribution can be compensated by the use of
additional support sheets at the required regions; however this approach is limited by the cost of
additional sheet parts and required welding.
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Figure 6-15: Thickness Contour on the Backrest frame and connectors under the headrest
test (even the connectors are subjected to optimization)

Connectors were not subjected to optimization in the previously performed free-size
optimization (Figures 6-13 and 6-14). For comparison, the backrest frame model with the
connector is optimized under the thickness range of 0.8 mm to 4 mm under the headrest test,
wherein addition to the backrest frame components, the connectors are also subjected to
optimization. Such an optimization under an extended range of design variable and including the
connectors is performed to show that the connectors will always require the maximum possible
thickness as they are the maximum load bearing members. Figure 6-15 shows the thickness range
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throughout the backrest frame and the connector. As expected the connector takes the highest
possible thickness (4mm max).

Figure 6-16: Thickness Contour on the Backrest frame under the Headrest test (thickness
design variable for backrest frame varying between 0.4 mm to 2 mm, fixed connector
thickness = 4mm)

In another numerical experiment, free-size optimization is performed on the backrest
frame model with connector, wherein the design space is 0.4 mm to 2 mm thickness range for the
backrest with fixed connector thickness of 4mm. In this case, the lower bound of the design
variable, i.e., thickness is reduced from 0.8 mm to 0.4 mm) to show that the support plate on the
U-shaped region on the top cross member always takes the lowermost available thickness,
irrespective of the magnitude of the lower bound of the design variable. As expected except at the
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corners, the support plate takes the lowermost thickness range of 0.416 mm to 0.814 mm, see
Figure 6-16.

6.5.2 Backrest Frame Model without the Connectors
The result of linear free-size optimization on the backrest frame without the connector
subjected to backrest moment test is shown in Figure 6-17. Free-size optimization is performed in
a range of 0.8 mm to 2 mm thickness under the given objective and constraints. The shell
thicknesses of the recipient components vary within the given range to obtain an optimized
thickness distribution conforming to the given test requirements. In this case, larger portions in
the top cross member, its support plate and the bottom cross member lies in the lowermost
thickness ranges of 0.812 mm to 0.882 mm, while the other portions in them lies in the second to
last thickness range of 0.882 mm to 0.953 mm. In the localized high stress regions obtained in the
linear and non-linear analysis, the regions of contact between the vertical members and top cross
members and the bearing contact regions in the sleeve, and the necking region in the vertical
member, requires larger thickness. Also, the regions of double thickness assigned near the lower
half of the vertical members require thickness in the range of 0.9 mm to 1.3 mm. In comparison,
the base thickness in these regions for the reference seat is 2 mm. The other regions in the vertical
member, the regions in the upper half and the necking region, require thickness in the range of
0.95 mm to 1.09 mm. As the necking region is prone to failure under the conditions of locking of
the backrest adjustment mechanisms and the connectors, these results indicate that the thickness
on them should be at least 1 mm.
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Figure 6-17: Thickness Contour on the Backrest frame under the Backrest test (NonConnector Model)

The result of linear free-size optimization on the backrest frame without the connector
subjected to headrest test is shown in Figure 6-18. As the headrest test is the maximum loading
case, the results from free-size optimization show that more thicknesses on most of the regions
are required, whereas the thickness contour distribution would be same as the results of
optimization under backrest test. A thickness of 0.812 mm to 0.942 mm is required in the bottom
cross member. Top cross member and its support plates needs a thickness varying between the
entire thickness spectrums. Local high stress regions near the headrest mounting holes are
singular and the high thickness requirement in that region can be neglected. The localized high
stress regions obtained in the linear and non-linear analysis, the regions of contact between the
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vertical members and top cross members and the bearing contact regions in the sleeve, and the
necking region in the vertical member, like in the backrest test commands more thickness. The
vertical members have a thickness range of 0.812 mm to 1.2 mm in a highly distributed contour.
Most of the regions on the vertical members have thicknesses in the range of 0.812 mm to 1.07
mm.

Figure 6-18: Thickness Contour on the Backrest frame under the Headrest test (NonConnector Model)

Another free-size optimization on the backrest frame, wherein the design space is 0.4 mm
to 2 mm and the participating components are the backrest frame components, is performed. The
lower bound of the design variable, i.e., thickness is reduced to show that the support plate on the
U-shaped region on the top cross member always takes the lowermost possible thickness,
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irrespective of the lower bound of the design variable, which is thickness. As expected, except at
the corners, the support plate takes the lowermost thickness range of 0.416 mm to 0.592 mm,
shown in Figure 6-19.

Figure 6-19: Thickness Contour on the Backrest frame under the Headrest test (design
variable varying between 0.4 mm to 2 mm)

From the results of this optimization study, it is observed that the top and bottom cross
members require a thickness in the range of 0.8-0.9 mm whereas the support plate on the top
cross member, that always takes the lowermost available thickness, can be removed. The upper
half of the vertical members requires a thickness in the range of 0.9-1 mm and its lower half
requires a thickness in the range of 0.9-1.3 mm. The vertical members, in real case have a sheet
metal of 1 mm thick throughout, except at the lower half where an additional 1 mm thick plate is
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welded to it. Hence, a 1 mm thick primary plate and a 0.5 mm (conforming to sheet metal
stamping requirements) thick additional welded plate can be used for the vertical member.
Currently, in the reference seat considered, 2 mm gross thickness is used in the welded plate
region of the vertical members. The results of free-size optimization indicate that this can be
changed to 1.5 mm gross thickness in this region. Also, from the results of optimization, it has
been decided that the back plate on the top cross member can be removed as a first step towards
mass reduction in addition to the thickness reduction in other areas.

6.6 Free-Size Optimization of Reduced Reference Seat Backrest Frame
In order to validate the decision on removing the support plate on the top cross member, a
free-size optimization of the backrest frame without the support plate is performed. Free-size
optimization within the thickness range of 0.8 mm to 2 mm for the two models of backrest frame
with the connectors and without the connectors under the headrest test are performed within the
previously mentioned stress and displacement constraints. The new optimized thicknesses on the
backrest frame for the two backrest models are shown in Figures 6-20 and 6-21. The optimized
thickness obtained on larger portions of the vertical members is 0.8 to 1 mm except the double
sheet regions which needs 1 to 1.3 mm, on the bottom and top cross member is 0.8 to 0.9 mm.
Irrespective of the absence of the support plate on the top cross member, the optimized thickness
on the reduced backrest frame is in the same order of the optimized thicknesses obtained on the
complete backrest frame, when the support plate is present on the top cross member. Every other
model representation is kept the same other than the removal of the support plate on the top cross
member. Hence, this result justifies the removal of the support plate from the top cross member.
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Figure 6-20: Thickness Contour on Backrest frame with rear support plate on top member
removed under the Headrest test
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Figure 6-21: Thickness Contour on the Backrest frame with rear support plate on top
member removed under the Headrest test (Non-Connector Model)

6.7 Final Optimized Thickness Distribution
Free-size optimization has generated a highly distributed spectrum of the thickness
wherein extreme gradation was observed. A single sheet metal part should be of constant
thickness and does not allow thickness gradation. Using results from the free-size optimization as
a guide, a new range of constant thickness values are obtained that can be used in the already
existing finite number of sheet metal components. In this study, the new thicknesses are used on
the existing sheets without any change in the manufacturing process as the topology, shape,
structure and the number of sheets of the optimized backrest frame is maintained as the reference
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backrest frame. It is noted here that instead of free-size optimization, the thickness values for
each of the original seven sheets could be used for a size optimization with a very small number
of design variables. However, due to high stresses at local connections, this limited approach
would most likely suggest much higher constant sheet thicknesses which conform to these high
stress levels. An advantage of free-size optimization, where every element is allowed to change
thickness, is that judgment can be used to filter high thickness elements near local high stress
singularities at corners appearing in the underlying linear finite element analysis. In this way,
averaged constant thickness values can be selected for each sheet which conforms to the majority
of free-size thickness values for elements in this sheet, thus producing overall smaller sheet
thicknesses and greater weight reduction. Nonlinear analysis can be performed to verify that the
reduced thickness of the elements near the local high stress regions do not produce failure.
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Figure 6-22: New range of Shell Thickness Suggested from Free-Size Optimization of the
Reference Backrest Frame

The results from the free-size optimization suggest the following final optimized design
thickness for the different sheet components making up the backrest frame. Figure 6-22 shows
the shell thickness on the final optimized seat backrest frame components. Vertical members have
a sheet metal thickness of 1 mm and the horizontal cross members have a sheet metal thickness of
0.8 mm. The additional bolster plate, welded to the lower half of the vertical member below the
necking region, replicated by provision of an additional sheet metal, provided a thickness of 0.5
mm (this is an approximation neglecting the weld stiffness in that region). The connectors are 4
mm thick. The bolster plate supporting the U-shape bend in the top cross member is completely
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removed acceding to the optimization results. With the new range of thicknesses, the mass of the
reference seat backrest frame is 2.66 Kg, as compared with the reference seat whose mass is 3.14
kg, a reduction of 15.2 % is obtained.

6.8 Static Backrest Moment Test on Optimized Backrest Frame
The result of non linear static analysis of the optimized backrest frame under the backrest
moment is discussed in this section. Linear static analysis is not carried out, as the linear analysis
was initially done for the reference backrest frame owing to the requirement of its comparison
with similar results obtained from linear free-size optimization. Also, the non-linear analysis
provided a better representation of the stress field and material yielding in the components.
Figure 6-23 shows the Von-Mises stress contour on the finite element model of the final
optimized backrest frame with connectors. No modification in the topology or the geometry of
the model is effected, only thickness changes are made, hence the high stress is expected in the
same regions as the reference backrest frame; i.e. high stresses occur on the connectors, on the
backrest frame in the regions of the connection between the vertical members and the top cross
member and the regions of bearing contact on the connector sleeve.
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Figure 6-23: Von-Mises Stress contour on final optimized backrest frame and connectors
(non-linear analysis) obtained for the backrest moment test.

The maximum Von-Mises stress on the connector is 318.5 MPa and on the backrest
frame is 315.9 MPa. These results indicate yielding at the sharp corners of the frame but well
below the ultimate stress for the material. The magnitude of stress in the regions a small distance
from geometric irregularities, is 206.35 MPa on the connectors and 211.44 MPa on the backrest
frame showing that the majority of regions remain elastic. A small amount of yielding is also
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visible at the non-smooth fillet in the stamping near the necking region on the vertical members.
Results for the backrest test on the non-connector backrest frame model are shown in Figure 6-24.

Figure 6-24: Von-Mises Stress contour on the final optimized backrest frame (non-linear
analysis) with rigid constraint at connector

Like the reference backrest frame, high stresses are located in three regions; at the
regions of the connection between the vertical members and the top cross member, at the nonsmooth fillet in a stamping in the necking region on the vertical members, and at the regions of
bearing contact on the connector sleeve. As the connectors are not part of this model, the
boundary conditions are rigid, and high stresses occur in the necking region. The yielding at the
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necking region on the vertical members can be attributed to the increased model stiffness created
by the absence of the connectors and base frame. The maximum Von-Mises stress on the backrest
frame is 310.8 MPa and occurs at the geometric irregularities at the connections, showing some
local yielding has occurred there. The magnitude of stress in the region at a small distance from
the geometrical irregularity is 202.48 MPa on the backrest frame, showing that the material
remains elastic for most of the regions. Only the local regions surrounding the high stresses have
yielded whereas the rest of the backrest frame remains in the elastic state.

6.9 Static Headrest Test on Optimized Backrest Frame
The result of non linear static analysis of the final optimized backrest frame under the
headrest test is discussed in this section. As the headrest test gives deflection as a requirement, the
displacement contour of the considered models is provided in addition to von Mises stresses. As
expected, the maximum deflections are towards the top on the backrest frame, irrespective of the
backrest frame model with connector or without the connector.
Figure 6-25 shows the deflection contour on the backrest frame and connectors from the
headrest test. The propagation of the displacement path from the constrained bottom of the frame
to the free top is clearly seen in the figure. The maximum displacement at the top most point on
the frame is 8.57 mm which is slightly more than that obtained for the same model of the
reference seat, which is 7.5 mm, still far lesser than the prescribed limit for the headrest of 102
mm.
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Figure 6-25: Deflection Contour on the Optimized Backrest Frame and the connectors (nonlinear analysis) for ECE R17 headrest test.

Figure 6-26 shows the deflection contour on only the backrest frame model, from the
headrest test. The maximum displacement at the top most point on the frame is 4.35 mm which is
slightly more than that obtained for the same model of the reference seat, which is 2.8 mm, but
less than the model with increased flexibility of the included connector.
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Figure 6-262: Deflection Contour on only the Optimized Backrest Frame (non-linear
analysis) for the ECE R17 headrest test

Figure 6-27 shows the Von-Mises stress contour on the model of optimized backrest
frame with the connector under the headrest test. In addition to deflection, observation of the
Von-Mises stress on the optimized backrest frame and the connectors under the headrest test
shows an increase in the magnitude of maximum stress as compared to the backrest test, similar
to the results of the reference backrest frame, even though the location of the high stresses are the
same. The regions under yielding are the same except the regions surrounding the mounting
points of the headrest, which did not yield in the backrest moment test. As expected, there was no
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yielding in the necking region on the vertical cross member. The maximum stress on the
connector model of the backrest frame is 430.5 MPa at the regions of connection between top
cross member and vertical member. The stress at a distance from the maximum stress is 393.73
MPa, 345.66 MPa, and 309.005 MPa in the three available directions from the maximum stress
location, which is a corner. The maximum stress 430.5 MPa is less than the ultimate stress, 438
MPa, but more than the yield stress, 305 MPa, of the material used.

Figure 6-27: Von-Mises Stress Contour on Optimized Backrest frame with Connector
under Headrest test

Figure 6-28 shows the Von-Mises stress contour from nonlinear analysis on the model of
optimized backrest frame without the connector under the headrest test. The maximum stress on
the backrest frame model without the connector is 431.9 MPa, at the regions of connection
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between top cross member and vertical cross member. The stress at a distance from the maximum
stress is 394.27 MPa, 347.59 MPa, and 309.059 MPa in the three available directions from the
maximum stress location, which is a corner. These stress values are almost the same when
compared to the connector model of backrest frame. The maximum stress 431.9 MPa is less than
the ultimate stress, 438 MPa, but more than the yield stress, 305 MPa, of the material used. The
backrest frame has comfortably passed the headrest test. The order of the obtained stress contours
is very close to the one obtained for the reference backrest frame under the headrest test,
difference being in the order of 3-5%. The optimized backrest frame passes the headrest test
comfortably. As discussed earlier, the increase in the amount of stress in the model under the
headrest test is due to the dual effect of the backrest moment and the headrest moment.

Figure 6-28: Von-Mises Stress Contour on Optimized Backrest frame without Connector
under Headrest test
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Again, the factor of safety for the optimized seat is computed for comparison with the
reference backrest frame, and to prove that the safety of the seat is not compromised at all.

6.10

Factor of Safety for the Optimized Backrest Frame

The safety factors for the optimized backrest frame are also computed for the backrest
moment and the headrest test; for comparison with the safety factors of the reference seat
backrest frame. The same three types of failure criteria are taken into consideration; Von Mises
stress  VM   ultimate , max in-plane principal plastic strain    pl and deflection of the top most
point on the backrest frame   102mm . If any of the three parameters in the backrest frame
components exceeds the corresponding limiting value, it is considered to be failure.

6.10.1 Backrest Test
Under the backrest test, the optimized backrest frame model with the connector failed at a
backrest moment of 2022.25 N-m. At the point of failure, the maximum Von-Mises stress on the
connector is 722.5 Mpa (less than the ultimate tensile stress  ul = 787.4 MPa for the high strength
steel) whereas the maximum stress on the backrest frame is 550 MPa, more than the ultimate
stress  ul = 438 MPa for low carbon steel. The maximum plastic strain on the backrest frame is
0.132 on the necking region of the vertical member and the maximum tip displacement was 84
mm. As the backrest moment test is a strength based test, the failure can be attributed to high
local stress and large amount of region under yielding. The plastic strain of 0.132 is very close to
the actual maximum plastic strain of the low strength steel assigned for the backrest frame
components, 0.182. The backrest frame model without the connector failed at a backrest moment
of 2660 N-m. As the high strength connectors are absent, the model lacks the flexibility of the
connectors; the additional stiffness in the model has extended the point of failure. The maximum
Von Mises stress on the backrest frame is 469.1 MPa  438 MPa which exceeds the ultimate
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tensile stress for the low strength steel assigned for the backrest frame material. The plastic strain
at failure is considerably less at 0.0162, and thus the failure can be considered due to the stress
limit being reached. In summary, the factor of safety for the connector model is 3.81 whereas for
the non-connector model is 5.02 which are comparable to the safety factor obtained for the
similar models of the reference backrest frame, 3.89 and 5.69, respectively.

6.10.2 Headrest Test
Under the headrest test, the backrest frame model with the connector failed at a headrest
force of 1001.4 N, much lower than the reference backrest frame. Like the reference backrest
frame, the maximum Von-Mises stress at failure was 649.6 MPa in the region of contact between
the vertical member and the top cross member, which is more than the ultimate tensile stress, 438
MPa for the low strength steel. The maximum plastic strain was also on the backrest frame, 0.189
(more than the corresponding plastic strain for the reference backrest frame), which exceeds the
plastic strain at maximum elongation, 0.182 for the low strength steel. The maximum tip
displacement, 11 mm, at failure was less as against the expectation (even lesser than the
corresponding value for the reference backrest frame). This can be considered a strain failure if
the stress singularity is neglected. The backrest frame model without the connector failed at
almost the same headrest force of 1001.4 N. Maximum Von-Mises stress at failure, 649.4 MPa,
found in the region of connection between the vertical member and the top cross member exceeds
the ultimate tensile stress, 438 MPa for the low strength steel. The plastic strain at failure, 0.190
(more than the corresponding plastic strain for the reference backrest frame), was again higher
than the plastic strain at maximum elongation, 0.182 for low strength steel. The maximum tip
displacement, 6 mm, at failure was very less as expected by the absence of the flexible connectors
(even lesser than the corresponding value for the reference backrest frame). This failure also
seems to be due to strain accumulation. Factor of safety for both the connector model and the
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non-connector model is 1.13 for a base headrest force of 890 N. The safety margin has come
down considerably from 1.79 and 1.76 respectively, the safety factor of the reference backrest
frame. The low factor of safety shows that the lighter optimized backrest frame is closer to the
ideal of 1.0.

6.11 Quasi-Static Backrest Test on Optimized Backrest
In this analysis, ABAQUS/Explicit is used in a quasi-static simulation of the ECE R17
headrest test with the nonlinear finite model of the final optimized backrest frame with the
connector, covered with a three-dimension solid PU foam material modeled with Hyperfoam
properties in ABAQUS. Only the backrest frame model with the connector is considered for this
analysis as already the amount of yielding on the vertical members are found from the non-linear
static analysis and the quasi-static analysis is only used to observe and verify the behavior of the
optimized seat under increased non-linearity in terms of contact and modeling of the foam
material in the seat. The backrest moment load is applied in a more realistic load path by
modeling a rigid body form making contact with the backrest in the upper region of the backrest
foam draped across the frame. The quasi-static headrest test involving the backrest moment and
headrest moment is terminated by the end of application of the backrest moment due to increased
computational time. So, the stress contour presented in the quasi-static analysis is obtained at a
backrest moment of 373 N-m.
Figure 6-29 shows the Von-Mises stress contour on the optimized backrest considered for
the quasi-static analysis. Same regions of the optimized backrest frame, considered for the nonlinear static analysis, have yielded irrespective of the presence of foam and the method of
application of load. The stress field is in complete agreement with the non-linear static analysis of
the optimized backrest frame with pressure load on the top cross member even though the
magnitude of the Von-Mises stress has come down considerably. The maximum stress of the
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frame is 217.7 MPa, which is very close to the magnitude of maximum stress obtained from the
static non-linear analysis of the optimized backrest frame under the backrest moment of headrest
test, 230.1 MPa. This reduction in the stress and strain values throughout the backrest frame
components can be attributed to two reasons; the realistic approach in the application of the load
that distributes the load throughout the foam and thereafter the backrest frame as against the
conservative load applied over the top cross member, and the presence of foam, that provide an
additional capability of excessive strain absorption by foam crushing that reduces the amount of
load transferred to the backrest frame. The draped foam acts as an isolator that reduces the
amount of stress transmitted to the backrest frame and absorbs a certain amount of force by
crushing before it actually transmits it to the frame. Energy absorption is a special property of
highly compressible elastomeric foams that has been exploited in large number of applications,
especially in automotive industries. Also a detailed observation of the stress contours shows a
rather distributed stress field unlike the backrest frame model with large number of local stress
concentrations. The artificial stresses due to geometrical irregularities are still intact in this model
whereas the concentrated stresses that resulted from the rather local and conservative load case
are absent.
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Figure 6-29: Von-Mises Stress contour on the Backrest, Foam and Connector in QuasiStatic Simulation

From the above discussion, it is quite clear that the static linear and non-linear analysis
performed using a conservative load case and without the foam is a similar case that lacks the
additional advantage of energy absorption by foam and load distribution but still has generated an
agreeable stress field through proper displacement propagation. The Stress and displacement
results based on the conservative representation of backrest moment load application always
provide slightly larger values than the more realistic representation of the body form contact with
backrest foam and hence can be adopted as a simplified model with no compromise on safety.
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The result of this simulation shows the acceptable performance of the final optimized seat under
increased non-linearity in terms of contact and modeling of the foam material in the seat.
The significantly increased modeling and computer time required in simulations and
analysis using solid finite elements with Hyperfoam material for the accurate modeling of PU
foam geometry lead to the question as to whether simplified shell foam models could be used
with decreased computational time and cost, which approximates the behavior of the full threedimensional, nonlinear crushing and expansion behavior of the seat back foam during the
backrest loading with the body form. To answer this question, a study is performed to determine a
suitable 3D shell surface replacement for the 3D foam model. A study on 3D foam replacement
with simplified shell models are discussed in the following section.

6.12 Comparative Study on 3D Solid Foam and 3D Shell FE Models
A series of non-linear quasi-static simulations are performed by varying the thickness of
an equivalent shell surface, comparing both the PU foam material and an elastic material
replacement, and also by varying the position of placement of the body form in front of the 3D
shell surface representing the backrest foam. Backrest moment about the H-point versus rigid
body rotation angle, and the deflection of the top-most point on the backrest frame is considered
as an agreement criterion and a suitable replacement for the 3D solid foam model is suggested.

6.12.1 Comparative Study on 3D Solid Foam and Hyperfoam Shell Models
The thickness of the solid PU foam used for the quasi-static simulation of the backrest is
20 mm. This thickness has increased the computational time as the foam in compression is adds
computational difficulty due to increased material non-linearity and deformation during foam
crushing.

Even after using a semi-automatic mass scaling in ABAQUS/Explicit, the

computational time is significantly longer when compared with the simplified conservative model
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which does not model the foam. As a first step to identify a suitable replacement which is more
cost effective in terms of computation time, and which is sufficiently accurate, a 3D surface
shaped like the 3D foam is draped over the backrest frame and is meshed with shell elements with
the same Hyperfoam material properties.

Three different quasi-static simulations using an

increased backrest moment of 2600 N-m, almost 5 times more than the prescribed 530 N-m of
backrest moment of the ECE R17 test is used for to compare results between the full 3D solid
Hyperfoam model and the shell Hyperfoam models. The values of employed shell thicknesses
are 20 mm, 10 mm and 2 mm. Since the shell mesh is defined over a surface instead of a solid
volume, and thickness is an implicit physical property, and not explicitly dimensioned in the
geometric model, the rigid body form is placed at a distance of 20 mm from the contact surface
and 25 mm down from the top. This placement, positions the body form at the same relative
distance from the front contact surface as the 3D solid foam model. Two agreement criterions are
used; the normalized backrest moment plotted against its corresponding rigid body form angle
and the tip displacement of the backrest frame plotted against the duration of the analysis. The
analysis is run for 10 seconds conforming to the requirement of quasi-static analysis [2].
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Figure 6-30: (a) Backrest moment vs. body form angle (b) and (c) Tip displacement vs.
analysis duration showing the effect of thickness of 3D Hyperfoam shell compared to 3D
Hyperfoam Solid

Figure 6-30 (a) shows the plot of normalized backrest moment against the corresponding seat
backrest angle whereas Figures 6-30 (b) and (c) shows the plot of tip displacement against the
analysis duration. The computational time of the shell foam models is significantly decreased
compared to the solid foam model. The results in Figure 6-30 (a) show that there are small
differences in the moment vs. body form angle curves between the shell models with different
thicknesses with the same initial relative placement of the rigid body form. However, while the
initial relative position of the body form between the contact surface of the shell and solid models
is the same, due to the additional 20 mm thickness of the solid foam, and the foam deformation
due to crushing in the solid model, the shell and foam models moment vs. body form angle curves
are delayed and shifted. The 10 mm and 2 mm shell thickness models show improved agreement
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with the 3D solid model, as compared to the 20 mm shell model. However, from Figures 6-30 (b)
and (c), there is little difference in the tip displacement of the backrest frame.
As a second step towards identifying a cost effective replacement for the 3D solid foam
model, the relative distance between the shell foam backrest model and the rigid body form is
varied. The idea of using the distance as variable was conceived as a result of the observation of
the deflection contour of the solid foam model during the quasi-static simulation. The solid foam
in compression has undergone considerable displacement in the region under maximum
compression, which is the region right behind the top upper contour of the body form. This
additional displacement in foam due to foam compression cannot be accounted for in the shell
models. Figure 6-31 shows the crushing displacement of the 3D solid foam under compression.

Crushing displacement
in the order of 20 mm

Figure 6-31: Displacement contours on deformed geometry showing the crushing
displacement of the 3D solid foam model
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Recall that the backrest moment and its corresponding body form angle is measured
through the link mechanism employed to apply the horizontal force on the body form producing
the backrest moment. In order to account for the additional crush displacement in the shell
model, two different body form positions are considered. The first position RP 1 is moved 5 mm
closer in the negative X-direction, while the second position RP 2 is reduced 10 mm (closer) in
the negative X-direction with an addition of 3 mm down along the Z-axis. Figure 6-32 shows
results for the 2 mm thick shell Hyperfoam model with body form at original position, RP 1 and
RP 2, compared to the 3D Hyperfoam model. The body form positioned at RP 2 has provided
near agreement with the 3D solid foam model. The agreement of this model shows that the solid
foam is compressed to such an extent that a displacement of almost 10 mm is achieved at the
maximum compression region on the foam. The plots show a better agreement throughout the
analysis except during the beginning, which is due to the lack of thru thickness compression in
the shell models during the initial period of contact. The strain accumulation and subsequent
energy absorption capability of the solid foam provides a smooth movement of the body form on
the solid foam, which is absent in the shell foam model owing to absence of explicit thickness in
the surface model.
Computation time for the simulation with shell elements with the Hyperfoam model are
reduced considerably compared to the 3D solid Hyperfoam model. In order to reduce
computation time even further, a study is performed with a much simpler elastic shell model to
replace the 3D solid foam model. At least during the initial small deformation phase under
contact, it may be possible to approximate the behavior of the non-linear Hyperfoam material
used for the 3D shell with an elastic material. Hence, while the 2 mm shell foam model is found
to be a near an exact replacement for the 3D solid foam model at later times, for a larger part of
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the analysis, a similar study is done using a much simpler elastic material for the shell and using
the same positioning variables and agreement criterions.
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Figure 6-32: (a) Backrest moment vs. body form angle,
(b) and (c) Tip displacement vs. analysis duration showing the effect of Effect of Body form
Position in front of Hyperfoam shell compared to 3D Hyperfoam Solid

6.12.2 Comparative Study on 3D Solid Foam and Elastic Shell
Two different elastic materials with Young‟s Modulus E = 20,000 MPa and E = 2000
MPa are used for this study. For the elastic materials, Poisson‟s ratio is set to 0.25. Shell
thicknesses were started with 2 mm and after a series of analysis, it is concluded that the finite
element model with shell thickness of 2 mm behaves similar to that of 0.5 mm. Hence, the study
starts with a base shell thickness of 0.5 mm and an elastic material with E= 20,000 M pa.
The first set of analysis is performed with the backrest frame draped with a shell of 0.5
mm thick and two different elastic materials, E= 20,000 MPa and E = 2000 MPa. The relative
position of the body form with the contact surface is in the original position. Results shown in
Figure 6-33 shows that the less stiff model with E = 2000 MPa and a shell thickness of 0.5 mm is
better represents the shape of the curve obtained from 3D sold foam model. This trend in
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behavior in stiffness is consistent with approximations of Young‟s Modulus of PU foams for
small strains which are less stiff and are generally of the order E = 20 MPa [16].
In the next study, the stiffness is further reduced, by changing the shell thickness from 0.5
mm to 0.25 mm. Figure 6-34 shows that reduction in shell thickness also contributes even more
acceptability of the elastic shell model with the 3D sold foam model.
In the next study, the relative body form positioning is varied from the original position
to RP 1 and RP 2 positions, similar to the previous study. Figure 6-35 shows that the second
position of the body form RP 2 which has a reduction of 10 mm along X-axis and an addition of 3
mm along Z-axis has provided close agreement with the 3D solid foam model.
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Figure 6-33: (a) Backrest moment vs. body form angle, (b) and (c) Tip displacement vs.
analysis duration showing the effect of Stiffness of elastic material assigned to 3D elastic
shell compared to 3D Hyperfoam Solid
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Figure 6-34: (a) Backrest moment vs. seat back angle (b) and (c) Tip displacement vs.
analysis duration showing the effect of thickness of elastic shell compared to 3D Hyperfoam
Solid
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Figure 6-35: (a) Backrest moment vs. body form angle, (b) and (c) Tip displacement vs.
analysis duration showing the effect of Effect of Body form Position in front of elastic shell
compared to 3D Hyperfoam Solid

6.12.3 Comparison of Hyperfoam Shell and Elastic Shell
From the results of the study using the 3D shell with Hyperfoam material property and
elastic material property, two shell models in the two considered material categories with two
final shell thicknesses and at the new position of the body form is found to be in good agreement
with the 3D solid foam. In particular, the 2mm thick shell with Hyperfoam material, and the 0.25
mm thick shell with elastic material property (E = 2000 MPa), both with initial relative distance
to body form at position RP 2, give the best agreement with the 20 mm, 3D solid Hyperfoam
material in the original body form initial position. The comparison of behavior for the Hyperfoam
and elastic shell models with the solid Hyperfoam model is shown in Figure 6-36.
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Figure 6-36: (a) Backrest moment vs. body form angle, (b) and (c) Tip displacement vs.
analysis duration comparing Hyperfoam and elastic shell models with 3D Hyperfoam Solid

6.13

Quasi-Static Headrest Test on Optimized Backrest with Thin Shell Contact Model
6.13.1 Quasi-Static Simulation Using Equivalent Hyperfoam Shell

Quasi-static analysis of the backrest frame draped with the 2 mm thick Hyperfoam shell
is performed in order to compare its viability and agreement with the quasi-static analysis of the
backrest frame draped with the 20 mm thick 3D Hyperfoam solid and also with the conservative
load case and static non-linear analysis discussed earlier.

The presented stress results are

obtained for a backrest moment of 373 N-m that is part of the headrest test and the deflection
results are obtained for the combined backrest and headrest moment that forms the headrest test.
The stress results at only the halfway mark are presented to compare it with the results if the 3D
solid foam backrest model. The deflection results are compared with the headrest test results of
the backrest frame with conservative loads.
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Figure 6-37: Von-Mises Stress contour on the Backrest using Hyperfoam Shell model for
the contact surface in Quasi-Static analysis

Figure 6-37 shows the Von-Mises stress contour of the backrest using the Hyperfoam
shell model for the contact surface during Quasi-Static analysis in Abaqus/Explicit. The regions
of high stresses and yielding are the same as the 3D foam model, whereas the magnitude of the
stresses has slightly gone up, but almost the same like the conservative pressure case, owing to
the absence of energy absorption capability of the thick foam under compression. Once, the strain
accumulation capability in the foam is neglected, the backrest frame draped with 3D Hyperfoam
shell is subjected to a similar stress field and load path like the backrest frame draped with the
solid foam. From Figure 6-37, the maximum Von-Mises stress on the backrest frame is 230.6
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MPa, slightly more than the values observed for the 3D solid foam model, 217.7 MPa, but nearly
the same as obtained from the conservative pressure case model, 230.1 MPa.

Figure 6-38: Deflection Contour on the Backrest frame with Hyperfoam shell model from
the quasi-static headrest test

Figure 6-38 shows the deflection contour on the backrest frame from the quasi-static
headrest test performed on backrest frame draped with the Hyperfoam shell. The magnitude of
maximum displacement, 8.1 mm is in agreement with the displacement, 8.5 mm, obtained from
the non-linear analysis of the optimized backrest frame using the conservative loads. Hence it
could be concluded that the backrest frame draped with a the Hyperfoam shell model can be
considered an equivalent model for the backrest frame covered with 3D solid Hyperfoam. Also
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from the results, it could be concluded that the conservative pressure case is in good agreement
with the 3D Hyperfoam shell model.

6.13.2 Quasi-Static Simulation Using Equivalent Elastic shell
Quasi-static analysis of the backrest frame draped with the 0.25 mm thick elastic shell
(E=2000 MPa) is performed in order to compare its viability and agreement with the quasi-static
analysis of the backrest frame draped with the 20 mm thick 3D Hyperfoam solid model for the
contact surface with the body form. The presented stress results are obtained for a backrest
moment of 373 N-m that is part of the headrest test and the deflection results are obtained for the
combined backrest and headrest moment that forms the headrest test. The stress results at only the
halfway mark are presented to compare it with the results if the 3D solid foam backrest model.
The deflection results are compared with the headrest test results of the backrest frame with
conservative loads.
Figure 6-39 shows the Von-Mises stress contour of the considered finite element model.
The regions of high stresses and yielding are the same as the 3D solid foam model, whereas the
magnitude of the stresses has gone up owing to the absence of energy absorption capability of the
thick foam under compression. Once, the strain accumulation capability in the foam is neglected,
the backrest frame draped with the elastic shell is subjected to a similar stress field and load path
like the backrest frame draped with the foam model. From Figure 6-39, the maximum Von-Mises
stress on the backrest frame is 309.4 MPa, and is larger than the yield strength for the low-carbon
steel material, and significantly more than the values observed for the foam draped backrest
frame model, 217.7 MPa, and the maximum value obtained from the conservative pressure case
model, 230.1 M Pa.
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Figure 6-39: Von-Mises Stress contour on the Backrest with Elastic Shell representing
contact surface in Quasi-Static analysis

Figure 6-40 shows the deflection contour on the backrest frame from the quasi-static
headrest test performed on backrest frame draped with the elastic shell. The magnitude of
maximum displacement, 7.8 mm is in agreement with the displacement, 8.5 mm, obtained from
the non-linear analysis of the optimized backrest frame using the conservative loads. These
results show that even though the elastic shell produced good agreement in terms of momentangle plot and deflection, the magnitudes and distribution of high stresses are much larger than
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the foam model. Hence, it can be concluded that the backrest frame draped with the elastic shell
compares well in displacement and stiffness to the solid foam model, but grossly overestimates
the stresses in the backrest frame material.

Figure 6-40: Deflection Contour on the Backrest frame draped with elastic mesh from the
quasi-static headrest test

124

CHAPTER SEVEN
CONCLUSION
Static Linear and Non-Linear analysis of the reference seat backrest frame under the
backrest moment test and the headrest test in accordance with ECE R17 requirements provided
the regions of local stress accumulation and regions under material yielding respectively.
Neglecting the singular stresses due to geometrical irregularities, the magnitude of Von-Mises
stress at a small distance from the singular regions were found to be well below the yield point for
the material. More regions on the backrest frame have yielded under the headrest test as it
combines the effect of both backrest moment and headrest moment, making it the maximum
loading case. The nonlinear analysis shows that local yielding is present, but stresses were always
considerably less than the ultimate stress of the assigned low carbon steel. All the above said
analysis were performed separately on two models of the backrest frame, with the connector and
without the connector, the results of each helping to understand the stress field on the connectors
and the backrest frame components in greater detail. It was found that stresses in the tapered
necking region of the backrest were higher with the rigid constraint at the connectors. The
reference seat backrest frame model with connector passed the backrest and headrest test with a
large safety factor of 3.89 and 1.79 whereas the non-connector model passed with a safety factor
of 5.69 and 1.76 respectively. Such a high safety factor provided the scope for optimization and
mass reduction.
Even though, the static non-linear analyses have provided a better representation of the
stress field and displacement path, the linear analysis is performed as a prelude to free-size
optimization using Altair OptiStruct. From the results of free-size optimization with independent
shell thickness design variables for every element in the finite element model of the backrest
frame, with the goal of minimizing mass, and stress and displacement constraints, a new range of
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thicknesses is obtained for the different welded sheet metal components of the backrest frame.
The new thicknesses are decided by conforming to the rules and requirements of sheet metal
stamping and forming. Using the new thicknesses, a 15.2 % reduction in the overall mass of the
seat backrest frame is obtained. Using nonlinear static analysis, it was confirmed that the new
optimized backrest frame model with connector passed the backrest and headrest test with safety
factors of 3.81 and 1.13, respectively, whereas the non-connector model passed with a safety
factors of 5.09 and 1.13, respectively.

Without, much compromise on safety, the free-size

optimization has helped obtain a light weight design of the backrest frame without changing the
geometry or number of welded stamped sheets. The above results were obtained with a
conservative backrest moment applied as a pressure load across the top cross member.
Results of quasi-static simulation of the backrest test on the backrest frame draped with
3D solid PU foam material in contact with a rigid body form shows the acceptable performance
of the final optimized seat under increased non-linearity in terms of contact and modeling of the
foam material in the seat. Also, the generated stress field on the backrest frame components using
the realistic load path, by modeling a rigid body form making contact with the backrest in the
upper region of the backrest foam draped across the frame, is very much similar to the stress field
generated on the backrest frame components using the conservative load case. Results showed
that the maximum Von-Mises stress decreases by 5.7 % and deflection by 5% using the body
form contact foam model compared to conservative pressure load model. From these results, it is
quite clear that the static linear and non-linear analysis performed using a conservative load case
and without the foam lacks the additional advantage of energy absorption by foam and load
distribution but still has generated a similar stress field through proper displacement path.
The study to obtain a simplified shell model that could be used with decreased
computational time and cost, approximating the behavior of the full 3D solid foam, which
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exhibits nonlinear crushing and expansion behavior of the seat back foam during the backrest
loading with the body form, has provided two near equivalent models. The shell with Hyperfoam
properties, 2 mm thick draped over the backrest frame and with the body form placed in position
RP 2 (a reduction in 10 mm along X-axis and an addition of 3 mm along Z-axis from its original
position) and the shell with elastic material, E= 2000 MPa, 0.25 mm thick draped over the
backrest frame and with the body form placed at the same RP 2 position both give similar loaddeflection behavior as the 3D solid with the Hyperfoam properties, draped over the backrest
frame and with body form in its initial position. These two models provided the best agreement
with the foam model in terms of backrest moment vs. body form angle, and deflection
characteristics. However, results showed that only the Hyperfoam shell model agreed with the
stress field in the backrest obtained from the 3D solid Hyperfoam model. Thus it can be
concluded, that only the Hyperfoam shell model at the new position gave equivalent agreement in
both stiffness and stress compared to the backrest frame model draped with the 3D solid
Hyperfoam. The Hyperfoam shell model reduced computation time considerably compared to the
3D solid Hyperfoam model, with approximately the same behavior on deflection and stresses for
the backrest frame.

7.1 Future Work
In this Section, suggestions for extending the work in this study are offered:


Free-size optimization is performed on the reference backrest frame by conforming to the
load and strength requirements of ECE R-17 backrest moment and headrest test. Both the
backrest moment test and the headrest test are quasi-static strength tests that are predicted
during vehicle rear-end crash. This gives rise to a scope for better optimization of the
reference backrest frame under various other load cases (offset, side and buckling loads)
that are predicted during vehicle front end and side impact during crash. Such an
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optimization encompassing multiple load cases will be optimal to all the load cases and
will be conforming to the test requirements as well. The seat–belt test can also be
considered.


The considered reference backrest frame is constructed from stamped steel sheet metal
components made of multiple sheets of steel with a number of stress relief features. In
the present work, free-size optimization of the backrest frame is considered and a mass
reduction of 15.2 % is obtained in the backrest frame by only changing the thickness of
the welded and stamped sheet metal components. Further weight reduction is possible by
subjecting the backrest to optimization with various other design variables in terms of
topology, geometry and other manufacturing design features such as draw depth of
stampings, etc.



Presently, the seam weld connections between the backrest frame components are
replicated in the finite element model, in terms of rigid bars and tie nodes. Such a model
lacks the weld stiffness at the local regions of connections. The effect of additional weld
stiffness in the regions of connections between the components could be studied.



In the quasi-static simulation of the backrest moment using the optimized backrest frame
and the solid PU foam, the foam tends to balloon inside the backrest frame due to the
absence of any foam support structure. In the physical seat, the solid foam is sometimes
supported by an elastic spring fitted steel mesh. The steel mesh is spring connected to the
vertical members. An elastic support can be placed behind the 3D foam or the equivalent
3D shell model and the quasi-static test can be performed to simulate the added stiffness
as the foams interact with the supporting spring system.



In the present study, the headrest load required by ECE R17 is applied as an equivalent
force-couple on the mounting holes of the backrest top cross support structure. A more
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detailed model of the headrest, with foam covering the complicated energy absorbing
plastic structure mounted to the top of the headrest posts could be studied. The rigid
sphere required from the test could be modeled and contact with the foam covered
headrest mounted to the backrest frame can be simulated in a quasi-static analysis in
ABAQUS/Explicit, using a similar procedure as the rigid body contact model with
backrest foam analysis performed in this work. Such a realistic combination of backrest
moment and headrest moment would provide a better prediction of the energy absorption
behavior in of the headrest interacting with the backrest, and also allow an accurate factor
of safety calculation on headrest maximum deflection for the ECE R17 headrest test.
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